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I.  INTRODUCTION 


Rickettsiae  are  obligately  intracellular  organisms  that  have  evolved  in  close 
association  with  an  arthropod  host.  Diseases  caused  by  these  organisms  are  still 
prevalent  in  many  parts  of  the  world  and  include  Rocky  Mountain  spotted  fever  (the 
most  common  rickettsiosis  in  the  US),  epidemic  and  endemic  typhus  (1-4).  The  latter 
two  are  still  responsible  for  thousands  of  deaths  around  the  world  every  year. 
Rickettsia  prowazekii  and  R.  rickettsii  are  listed  in  the  Select  Agents  Act  and  are  part 
of  the  Centers  for  Disease  Control  and  Prevention  (CDC)  and  NIH  category  B  agents 
and  the  North  Atlantic  Treaty  Organization  (NATO)  select  agent  list  for  their 
potential  use  as  bioterrorist/biowarfare  agents  (5-8).  The  most  feared  complications  of 
rickettsial  infections  are  the  development  of  severe  cerebral  and  pulmonary  edema 
leading  to  permanent  neurologic  sequelae  or  death  owing  to  respiratory  failure  (3,4). 
The  target  cell  of  rickettsial  pathogens  is  the  endothelium  lining  the  vessels  of  the 
microvasculature,  as  demonstrated  by  studies  performed  on  autopsy  cases  dying  of 
rickettsioses  and  animal  models  (9,10).  The  purpose  of  this  study  is  to  utilize  adaptein 
libraries  coded  within  pantropic  retroviral  vectors  that  confer  protection  against 
rickettsial  pathogens.  In  addition,  molecular  pathogenesis  of  rickettsioses  is  being 
studied  by  developing  in  vitro  models  to  study  endothelial  permeability  and 
intracellular  rickettsial  killing  in  both  wild  type  and  adaptein  protected  cells.  The  long 
tenn  objective  of  this  proposal  is  to  develop  new  treatments  for  rickettsioses  and  to 
identify  novel  molecular  targets  of  rickettsial  pathogenesis  that  would  provide  sites 
for  new  therapeutic  interventions,  and  to  eventually  use  these  targets  to  develop 
effective  and  rapid  BWT  countermeasures.  The  new  therapeutic  interventions  are 
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justified  due  to  the  narrow  range  of  antimicrobial  agents  available  for  rickettsiae  and 
Orientia,  emergence  of  chloramphenicol-  and  tetracycline-resistant  strains  of 
Orientia,  and  the  possibility  of  genetically  engineered  resistance. 

II.  BODY 

Specific  aim  #  1:  To  utilize  retrovirally  encoded  adapteins  to  generate  cell 
monolayers  resistant  to  rickettsial  challenge. 

During  the  first  year  of  the  project  we  were  able  to  construct  two  dozen  libraries 
using  plasmid  ptatCCDlib-[3-gal  encoding  combinatorial  6-mer,  12-mer,  and  18-mer 
with  diversities  of  ~10  -10  peptides  (1 1,12).  The  combinatorial  libraries  were 
successfully  produced  in  large  scale  using  bacterial  cells.  An  additional  library  was 
constructed  using  and  EGFP-based  scaffold  for  library  presentation.  The  presence  of 
the  EGFP  scaffold  allowed  us  to  track  retrovirally  infected  cells  and  survivors  after 
rickettsial  challenges  more  efficiently.  Initial  experiments  for  rickettsial  challenges 
were  perfonned  with  Vero  cells  and  SVEC  cells  (murine  lymph  node  endothelial 
cells).  90-100%  of  cells  were  infected  with  the  retrovirus-containing  adaptein 
libraries.  Several  challenging  experiments  were  performed  by  using  different 
rickettsial  MOI.  Experiments  were  not  successful  due  to  the  type  of  cell  monolayers 
used  which  made  it  difficult  to  select  resistant  clones.  During  the  second  year  of  the 
contract  we  concentrated  on  using  the  enhanced  libraries  containing  the  EGFP 
scaffold  and  6-mer,  12-mer  and  18-mer  adapteins  with  diversities  between  2  x  107  to 

o 

3-5x10  (13).  We  also  decided  to  use  a  different  cell  line  due  to  the  difficulties  we 
had  with  Vero  cells  and  SVEC.  A  rat-derived  brain  endothelial  cell  (RBE4)  was 
optimized  for  use.  Infection  with  the  retroviruses  containing  adapteins  was  90-100%. 
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Cells  were  infected  at  MOI  of  25  with  highly  purified  rickettsiae  and  re-challenges 
were  perfonned  2-3  days  later  with  15  MOI.  Three  additional  rechallenges  with  MOI 
of  10  were  also  performed.  Several  foci  of  possibly  resistant  clones  of  RBE4  cells 
were  detected  after  five  challenges.  However,  the  surviving  cells  were  expressing 
EGFP  suggesting  that  the  retrovirus  was  not  present  in  such  cells.  In  addition,  further 
characterization  of  the  clones  was  impossible  due  to  inability  of  the  cells  to  multiply. 
Several  other  challenge  experiments  were  conducted  under  similar  conditions  and 
“resistant”  clones  expressing  EGFP  were  obtained.  Characterization  of  the  clones  was 
again  impossible  due  to  inability  to  expand  the  resistant  colonies  containing  20-25 
EGFP  expressing  cells.  Several  methods  were  used  trying  to  expand  these  “colonies” 
including  enrichment  of  medium,  addition  of  non-transformed  RBE4  in  order  to 
increase  quorum  sensing,  and  use  of  small  culture  vessels.  During  this  second  year 
challenging  experiments  were  performed  with  R.  prowazekii,  R.  rickettsii  and  0. 
tsutsugamushi,  all  yielding  similar  results  (13).  During  the  third  year  of  the  contract 
our  laboratory  acquired  two  human-derived  endothelial  cells  lines  from  brain  and 
skin,  namely  SV-HCEC  and  TIME  (SV40-transfonned  human  microvascular 
endothelial  cells  and  telomerase-immortalized  microvascular  endothelial  cells, 
respectively).  Both  cell  lines  were  infected  with  the  pantropic  retroviruses  cointaining 
6-,  12-,  and  18-mer  adapteins.  Cells  were  initially  challenged  with  25  MOI  of  R. 
rickettsii,  R.  prowazekii  and  O.  tsutsugamushi.  Three  to  four  rechallenges  were 
performed  with  10  MOI  and  resistant  colonies  were  again  observed,  expressing  EGFP 
and  containing  10-20  cells.  Expansion  of  the  colonies  was  again  impossible  under 
several  different  conditions  (14).  During  the  4th  year  of  the  project  we  decided  to  try 
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cell  suspensions  instead  of  cell  monolayers.  The  rationale  behind  this  approach  was 
the  use  flow  cytometry/cell  sorting  so  that  resistant  cell  populations  expressing  EGFP 
could  be  sorted  using  EGFP  expression  and  propidium  iodide  exclusion.  For  these 
experiments  we  used  a  human  monocytic  leukemia  cell  line  (THP-1)  treated  with 
vitamin  D3,  and  a  murine  monocytic  cell  line  treated  with  dexamethasone  to  induce 
differentiation  down  the  macrophage  lineage.  Both  cell  lines  were  infected  with  the 
pantropic  retroviruses  efficiently.  Challenge  and  rechallenge  experiments  were 
performed  using  the  same  MOI’s  used  for  the  cell  monolayers.  Cells  surviving  the 
challenges  were  sorted  out  successfully  but  we  had  the  same  difficulties  as  before: 
expansion  of  the  resistant  clones  was  not  possible.  It  is  likely  that  the  retroviral 
infection  of  all  cell  lines  used  in  the  challenging  experiments  affects  the  capacity  of 
the  cells  to  multiply  profoundly.  We  still  continue  to  perfonn  experiments  with  the 
hope  that  resistant  clones  will  be  able  to  multiply  in  culture  medium  by  changing  the 
growth  environment  of  the  cells.  Alternatively,  we  are  using  THP-1  and  Ml  cells 
without  treatment  with  vitamin  D3  or  dexamethasone.  A  more  primitive  phenotype 
could  favor  cell  multiplication. 

Specific  aims  #2  and  #3:  To  determine  the  roles  of  NF-kB,  cytokines,  ROS  and 
NO  in  intracellular  killing  of  rickettsia-resistant  monolayers.  To  characterize 
signal  transduction  pathways  modulating  the  cytoskeletal  events  responsible  for 
the  increased  vascular  permeability  seen  in  rickettsial  infections 

NF-kB  activation 

During  the  second  year  of  the  contract  experiments  to  demonstrate  NF-kB  activation 
were  performed  using  RBE4  cells.  They  were  seeded  in  24- well  plates  and 
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transfected  at  semiconfluency  with  pNF-KB-d2EGFP  vector  plasmid  (Clontech)  by 
using  LipofectAMINE  PLUS  reagent.  Optimization  of  the  transfection  protocol  was 
performed  according  to  manufacturer’s  instructions  by  using  different  concentrations 
of  plasmid  DNA  (range:  1.0- 1.6  pg).  The  transiently  transfected  cells  were  infected 
with  R.  rickettsii  at  10  MOI  and  were  then  monitored  under  an  inverted  Olympus 
microscope  equipped  with  UV  light  and  EGFP  filters.  Cells  were  evaluated  every  30 
minutes  for  2  hours.  NF-kB  activation  was  demonstrated  in  infected  cells  as  emission 
of  green  fluorescence.  Negative  controls  included  in  the  experiment  included  non- 
transfected  and  non-infected  RBE4  cells  (13). 

Reactive  Oxygen  Species 

The  role  of  ROS  in  rickettsial  killing  was  demonstrated  by  the  use  of  sulfoximine  in 
order  to  decrease  intracellular  glutathione  levels  (12).  We  treated  cell  monolayers  for 
24  hours  with  sulfoximine  previous  to  rickettsial  inoculation  and  sulfoximine-treated 
and  non-treated  cell  monolayers  were  then  infected  with  10  MOI  of  R.  rickettsii. 
Based  on  propidium  iodide  staining,  cell  death  was  increased  50-100%  when 
glutathione  levels  were  depleted  suggesting  a  role  for  ROS  in  intracellular  killing  of 
rickettsiae.  We  also  perfonned  several  experiments  to  elucidate  the  role  of  ROS  in 
increased  vascular  permeability  across  endothelial  cell  monolayers.  In  order  to  do  so, 
10  U/ml  of  catalase,  1  mM  of  N-acetyl-cysteine,  and  a-tocopherol  at  a  concentration 
of  30  liM  were  added  to  rickettsia-infected  monolayers.  All  three  compounds  were 
added  both  before,  and  at  the  time  of  infection  of  the  monolayers.  No  differences 
were  observed  between  infected  or  non-infected  monolayers  when  catalase  (ROS 
scavenger)  or  N-acetyl-cysteine  (glutathione  replenisher)  was  added  to  the  medium. 
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However,  pre-treatment  of  the  monolayers  with  a-tocopherol  (anti-oxidant,  ROS 
scavenger)  prevented  a  5-10%  increase  in  permeability  as  compared  to  infected 
monolayers  that  were  not  pre -treated  with  a-tocopherol  (14,15).  Cell  survival  in  the 
monolayer  was  marginally  improved  as  shown  by  loss  of  micromotion  in  the  non- 
treated  monolayers  2  hours  earlier  when  compared  to  the  treated  monolayers  (14). 
Nitric  Oxide 

The  role  of  nitric  oxide  in  rickettsia-infected  endothelial  cells  as  a  rickettsicidal  agent 
and  as  a  mediator  of  increased  permeability  across  cell  monolayers  was  also  studied 
using  human  microvascular  endothelial  cells.  We  first  studied  the  effect  of  exogenous 
nitric  oxide  on  rickettsial  gene  copy  numbers  using  a  nitric  oxide  donor  (DETA 
NONOate)  (14,16-19).  Endothelial  cells  infected  with  R.  conorii  were  treated  with 
100  liM  and  500  uM  of  DETA  NONOate  and  copy  numbers  of  rickettsiae  were 
detennined  at  24,  48  and  72  hours.  No  significant  changes  were  observed  at  24  or  48 
hours  in  rickettsial  copy  numbers  in  infected  and  non-infected  cells.  However,  at  72 
hours,  we  detected  23  times  as  many  rickettsiae  in  non-treated  cells  than  cells  treated 
with  either  100  or  500  pM  of  DETA  NONOate.  The  effect  of  DETA  NONOate  in 
endothelial  permeability  was  also  studied.  At  100  liM,  we  saw  no  statistically 
significant  increase  in  endothelial  permeability  over  4  days  of  experiments  but  at  500 
uM  a  marked  increase  in  permeability  was  observed  after  24  hours  (17). 

These  studies  have  revealed  that  NO  is  very  effective  at  limiting  the  number  of 
intracellular  rickettsiae.  Likewise, we  have  shown  that  certain  lower  levels  of  NO- 
donors  can  effectively  extend  the  life-span  of  endothelial  monolayers  and  have 
relatively  little  effect  on  the  barrier  function  of  the  monolayer.  Conversely  higher 
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levels  of  the  NO-donor  produce  dramatic  changes  in  the  integrity  of  the  monolayer  by 
first  stabilizing  the  monolayer  and  then  causing  a  slow  and  steady  loss  of  barrier 
function.  Additionally  we  have  seen  an  abrogation  of  rickettsia-induced  endothelial 
penneability  in  the  presence  of  the  broad-spectrum  NOS  inhibitor  L-NAME  (16).  In 
addition  we  have  noticed  vast  differences  in  the  response  of  endothelial  cells  to  R. 
rickettsii  versus  R.  conorii.  Specifically  we  see  a  delayed  loss  of  endothelial  integrity 
during  R.  conorii  infection  when  compared  to  R.  rickettsii.  In  order  to  further 
elucidate  differences  between  R.  conorii  and  R.  rickettsii  infections  in  endothelial 
cells  as  to  NO  response,  we  conducted  an  experiment  infecting  SV-HCEC  cells  with 
both  pathogens  and  mock- infected  cells.  In  addition,  monolayers  of  infected  and  non- 
infected  cells  were  treated  with  TNF-a,  IFN-y  and  IL-ip,  each  at  a  concentration  of 
10  r|g/ml.  Nitrite  levels  in  the  supernatant  were  measured  at  24  and  48  hours  post¬ 
infection  (Figure  1).  No  differences  in  NO  production  (detected  indirectly  by 
measuring  nitrite  levels  in  supernatant)  was  observed  among  all  groups  at  4  hours.  At 
24  hours,  monolayers  infected  with  R.  rickettsii  revealed  a  significant  increase  in  NO 
production  which  was  further  enhanced  by  addition  of  cytokines.  Monolayers 
infected  with  R.  conorii  did  not  reveal  any  increase  in  NO  production  whereas 
monolayers  infected  with  R.  conorii  and  stimulated  with  cytokines  revealed  an 
increase  in  NO  production.  However,  such  increase  was  not  as  prominent  as  with  R. 
rickettsii-mf ected  monolayers.  Uninfected  cells  stimulated  with  cytokines  also 
revealed  an  increase  in  NO  production  but  lower  than  R.  rickettsii-  and  R.  conorii- 
infected  monolayers.  At  48  hours,  the  response  was  essentially  the  same  as  24  hours 
but  levels  of  NO  were  significantly  higher  in  all  groups  except  fori?,  conor/'z -infected 
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cells.  These  results  have  far  reaching  implications  in  Rickettsia-related  research  for 
two  reasons:  Firstly,  NO  production  in  human  endothelial  cell  lines  infected  with 
rickettsial  agents  has  not  been  documented  in  the  past.  All  experiments  have  used 
either  HUVEC’s  or  other  cell  lines  not  of  microvascular  origin.  NO  production  from 
human  cells  infected  with  rickettsial  agents  was  documented  by  our  laboratory  in  a 
hepatocyte-derived  cell  line  after  stimulation  with  several  cytokines  in  combination. 
Secondly,  the  differences  in  NO  production  in  monolayers  infected  with  R.  conorii 
and  R.  rickettsii  with  or  without  cytokine  stimulation  are  dramatic  and  could  help 
explain  the  differences  in  permeability  changes  observed  in  endothelial  monolayers 
infected  with  R.  conorii  and  R.  rickettsii,  respectively  (data  presented  later  in  this 
section). 

Calcium  signaling 

During  the  first  year  of  the  project  initial  experiments  for  intracellular  calcium 
signaling  were  perfonned  using  RBE4  cells  and  Fluo-3,  a  fluorescent  molecule  that 
increases  its  emission  in  the  presence  of  calcium.  Increased  calcium  levels  were 
detected  as  early  as  60  minutes  after  infection  with  R.  rickettsii.  Elevated  levels 
persisted  up  to  24  hours  after  infection  (11).  Demonstration  of  calmodulin  activation 
was  also  demonstrated  using  FRET  (11).  The  role  of  calcium  in  endothelial 
penneability  was  studied  in  subsequent  years  by  using  verapamil  (a  calcium  channel 
blocker),  BAPTA  (an  extracellular  calcium  chelator)  and  dantrolene  (an  inhibitor  of 
intracellular  calcium  release  from  the  endoplasmic  reticulum).  Each  of  the  calcium 
blockers  was  added  to  SV-HCEC  monolayers  1  hour  before  infection  after  which  the 
medium  was  replaced  with  either  regular  medium  or  medium  containing  the  calcium 
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blocker.  Pre-treatment  of  the  monolayers  with  verapamil  followed  by  infection  and 
discontinuation  of  the  calcium  blocker  did  not  reveal  major  differences  when 
compared  to  rickettsia-infected  monolayers  without  calcium  blockers.  Infection  of  the 
monolayers  followed  by  continued  use  of  verapamil  reveal  a  5-10%  increase  in 
penneability  across  the  monolayer,  suggesting  that  blocking  entrance  of  calcium  from 
the  extracellular  fluid  might  interfere  with  normal  homeostasis  of  junctional  proteins 
(14).  This  observation  was  further  confirmed  by  continuous  addition  of  dantrolene  to 
the  medium,  which  induced  a  further  30-35%  increase  in  penneability  at  30  hours 
post- infection  when  compared  to  rickettsia-infected  monolayers  without  dantrolene. 
Pre-treatment  of  the  monolayers  with  dantrolene  for  1  hour  followed  by  replacement 
of  medium  without  dantrolene  after  infection  of  the  monolayer  also  increased 
penneability  by  up  to  5%  when  compared  to  rickettsia-infected  monolayers. 

Cytokines 

Effects  of  11-1(3,  IFN-y  and  TNF-q  on  non- infected  SV-HCEC  monolayers 
Cell  monolayers  were  treated  with  0.1,  1,  10,  100  and  1,000  ng/ml  of  TNF-a,  IFN-y, 
and  IF-ip.  The  three  cytokines  were  used  singly  and  in  combinations.  Evaluation  of 
penneability  of  rickettsiae-infected  monolayers  in  the  presence  of  cytokines  was  done 
by  infecting  cell  monolayers  with  10  MOI  and  the  addition  of  the  above  mentioned 
cytokines  (16). 

Increases  in  permeability  in  non- infected  SV-HCEC  monolayers  were  dose- 
dependent  when  TNF-a  was  added  to  the  supernatants  at  concentrations  ranging  from 
0.1  ng/ml  to  1,000  ng/ml  (Figure  2).  At  0.1  ng/ml  a  mild  increase  in  permeability 
(5%)  was  observed  during  the  first  12  hours  of  infection,  after  which  the  monolayer 
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progressively  recovered  its  baseline  resistance  at  30  hours.  At  concentrations  of  1 
ng/ml  of  TNF-a,  a  steady  increase  in  permeability  was  observed  which  peaked  at  50 
hours  (25%  increase)  and  remained  stable  thereafter.  A  minor  recovery  (less  than  5%) 
was  observed  towards  the  end  of  the  experiment  (72  hours).  At  concentrations  of  10 
ng/ml,  a  steady  increase  in  permeability  was  also  observed  although  more  pronounced 
than  the  increase  observed  at  1  ng/ml.  At  8  hours,  an  increase  of  18%  was  present 
which  reached  40%  by  the  end  of  the  experiment  at  72  hours.  At  concentrations  of 
100  and  1000  ng/ml,  a  very  marked  increase  in  permeability  was  observed  at  8  hours 
reaching  30  and  45%,  respectively.  After  8  hours,  a  steady  increase  occurred  reaching 
60  and  70%  respectively  at  72  hours. 

The  effects  of  IL-ip  on  SV-HCEC  monolayers  were  also  dose-dependent,  although 
the  effects  on  the  monolayers  were  less  pronounced  when  compared  to  TNF-a 
(Figure  3).  Likewise,  the  differences  in  permeability  amongst  all  concentrations  were 
less  “linear”  when  compared  to  TNF-a.  At  all  concentrations  of  IL-ip,  a  rapid  decline 
was  observed  at  10  hours,  which  ranged  from  20-30%.  A  steady  recovery  of  the 
monolayer’s  resistance  (decreased  permeability)  was  observed  at  doses  of  0.1  ng/ml, 
reaching  control  values  at  72  hours.  However,  monolayers  infected  with  higher  doses 
showed  a  steady  increase  in  penneability  which  reached  values  between  30-50%  at 
concentrations  of  1  ng/ml  to  1,000  ng/ml,  respectively. 

When  IFN-y  was  added  to  SV-HCEC  monolayers,  minor  increases  in  resistance 
(decreased  permeability)  were  observed  and  ranged  from  2-10%  throughout  the 
experiment.  No  dose  dependent  effect  was  observed  in  any  of  the  monolayers  (Figure 
4). 
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Effects  of  TNF-cx,  IFN-y,  and  IL-1B  on  rickettsia-infected  SV-HCEC  monolayers 
Monolayers  infected  with  R.  rickettsii  and  treated  with  TNF-a  showed  a  further 
increase  in  penneability  when  compared  to  non-treated  rickettsia-infected  monolayers 
and  monolayers  treated  with  TNF-a  alone  in  the  absence  of  infection  (Figure  5).  The 
increase  in  permeability  was  dose-dependent  at  all  time  points.  Increases  in 
penneability  were  almost  identical  for  monolayers  treated  with  0.1  and  1  ng/ml.  In 
non-infected  monolayers,  0.1  ng/ml  of  TNF-a  induced  a  10-12%  increase  in 
penneability  at  6  hours  which  eventually  disappeared  at  30-32  hours  post-treatment. 
However,  the  permeability  in  infected  monolayers  treated  with  1  ng/ml  of  TNF-a  was 
increased  by  12%  at  6  hours  (as  opposed  to  4%  in  infected  and  non-treated 
monolayers).  At  12  and  24  hours  the  differences  between  treated  and  non-treated 
infected  monolayers  were  12  and  8%,  respectively.  By  48  hours  post-treatment,  no 
differences  were  noted  between  TNF-a  treated  and  non-treated  monolayers.  At  TNF- 
a  concentrations  of  10  and  100  ng/ml,  the  effects  were  more  pronounced  than  at 
lower  concentrations  in  infected  and  non-infected  monolayers. 

Monolayers  infected  with  R.  rickettsii  and  treated  with  IF- 1(3  showed  similar  results 
to  the  ones  obtained  with  TNF-a,  although  the  effects  were  less  dose-dependent  when 
compared  to  TNF-a  (Figure  6).  When  IFN-y  was  added  to  the  monolayers  the  effect 
was  that  of  “stabilization”  of  the  monolayer  (Figure  7).  At  all  doses,  the  infected 
monolayers  showed  decreased  permeability  (increased  resistance).  Cytokines  used  in 
different  combinations  (doses  of  0. 1  ng/ml)  in  infected  monolayers  induced  an 
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increase  in  permeability  that  could  not  be  neutralized  by  the  presence  of  IFN-y.  No 
major  differences  were  observed  among  the  different  combinations  (Figure  8). 

Effects  of  rickettsiae  on  SV-HCEC  monolayers 

SV-HCEC  monolayers  were  infected  with  1,  10,  20,  and  50MOI  of  R.  rickettsii  and 
the  electrode  arrays  were  then  connected  to  the  ECIS  detection  system.  Confluent 
SV-HCEC  cells  infected  with  R.  rickettsii  exhibited  a  dose-dependent  increase  in 
endothelial  penneability  reflected  as  a  decrease  in  resistance  (Figure  9).  Resistance 
recorded  using  SV-HCECs  declined  steadily  over  time  after  rickettsiae  were 
internalized.  At  24  hours,  increases  in  penneability  ranged  from  12%  at  1  MOI  to 
25%  at  50  MOI.  At  48  hours  post-infection,  monolayers  infected  with  1  MOI  showed 
a  25%  increase  in  permeability.  During  the  first  24  to  48  hours  increases  in 
penneability  were  more  pronounced  in  monolayers  infected  with  20  and  50  MOI  as 
opposed  to  1,  5  and  10  MOI.  Differences  between  these  two  groups  were  less  evident 
at  72,  96  and  120  hours  of  infection,  most  likely  reflecting  similar  cell  death  rates  in 
all  monolayers  at  late  time  points.  By  the  end  of  the  experiment  at  120  hours,  all 
monolayers  showed  a  50-55%  increase  in  permeability  when  compared  to  the 
controls  (16). 

Cell  death  rates  in  rickettsiae-infected  SV-HCEC  monolayers 
In  order  to  ascertain  the  role  of  cell  death  in  increased  penneability  across  the 
endothelial  monolayers  death  cell  curves  were  performed.  SV-HCEC  monolayers 
were  infected  with  15  MOI  of  R.  rickettsii.  At  24,  48  and  72  hours,  the  supernatants 
were  aspirated  and  the  monolayers  were  stained  using  the  Live-Dead  Viability  Stain 
(Molecular  Probes,  Eugene,  OR).  Images  from  fields  were  obtained  using  an  FV- 
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1000  Confocal  Microscope  and  a  lOx  objective.  Propidium  iodide  (PI)  uptake  by 
cells  was  used  to  calculate  the  percent  of  cells  that  were  undergoing  necrotic  cell 
death.  Quantification  of  cell  death  was  perfonned  by  detennining  the  percent  of  total 
cells  staining  positive  for  PI.  Cell  death  rates  did  not  reveal  any  differences  between 
infected  and  non-infected  monolayers  up  to  48  hours  post-infection  suggesting  that 
increases  in  permeability  seen  during  the  first  two  days  of  infection  are  not  due  to  cell 
death  in  the  monolayers  (16). 

Experiments  performed  with  Luminex  technology  have  also  revealed  high 
concentrations  of  IL-6  and  MCP-1  inf?,  rickettsii- infected  monolayers  in  addition  to 
the  three  cytokines  that  we  have  studied  in  previous  years.  Such  increase  was 
observed  as  early  as  24  hours  post-infection.  Because  of  the  effect  on  permeability 
that  we  demonstrated  as  caused  by  supernatants  obtained  from  rickettsia-infected 
monolayers,  we  decided  to  use  monoclonal  antibodies  against  11-6  and  MCP-1  in 
order  to  assess  their  effect  on  endothelial  permeability.  However,  no  differences  were 
observed  between  monolayers  treated  with  supernatants  with  or  without  monoclonal 
antibodies  against  IL-6  and  MCP-1,  suggesting  that  other  soluble  factor  might  be 
involved  in  increasing  endothelial  permeability  (14).  Experiments  performed  with  R. 
conorii  reveal  that  the  effects  on  endothelial  permeability  are  attenuated.  In  fact, 
penneability  barely  changes  during  the  first  48-72  hours  after  infection.  These  major 
differences  would  certainly  explain  the  dramatically  different  mortality  rates  of  R. 
rickettsii  infections  in  humans  and  R.  conorii  infections.  Without  antibiotic  treatment, 
the  case-fatality  ratio  for  R.  rickettsii  infections  is  around  30-40%  as  opposed  to  ~5% 
in  R.  conorii  infections. 
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Human  Endothelial  Array  (Oligo  GE Array®  System): 

In  view  of  the  dramatic  differences  observed  between  R.  conorii  and  R.  rickettsii 
infections  both  in  vitro  and  in  vivo,  we  decided  to  elucidate  the  response  on 
microvascular  endothelial  cells  after  infection  with  both  agents.  The  endothelial  array 
system  used  in  these  experiments  allows  us  to  detect  changes  in  expression  of  1 13 
genes  in  endothelial  cells. 

SV-HCEC  cells  were  grown  to  confluency  and  infected  with  10  MOI  of  R.  conorii 
and  R.  rickettsii.  One  sample  was  used  as  control.  Total  RNA  was  isolated  after  24 
hours  post-infection,  directly  from  the  culture  plates  containing  roughly  5xl06  SV- 
HCECs  and  desalted  by  ethanol  precipitation  (RNAqueous-4  PCR,  Ambion).  RNA 
quality  was  verified  by  UV  spectrophotometry  and  ribosomal  RNA  band  integrity. 
The  TrueLabeling-AMP™  2.0  kit  was  utilized  to  create  cRNA  (SuperArray).  Briefly, 
3ug  of  total  RNA  was  added  to  the  cDNA  synthesis  reaction  and  incubated  at  42°C 
for  50  minutes  followed  by  75°C  for  5  minutes  then  cooled  to  37°C  according  to  the 
manufacturers  recommendations.  The  cRNA  was  then  created  by  incubating 
overnight  at  37°C  with  lOmM  biotin- 1 1  -UTP  (Perkin  Elmer).  The  cRNA  was  then 
purified  from  the  remaining  reaction  components  using  the  cRNA  Cleanup  Kit 
(SuperArray).  The  quality  and  quantity  of  cRNA  was  then  determined  utilizing  UV 
spectrophotometry.  A  total  of  4ug  of  cRNA  was  hybridized  to  Endothelial  Biology 
Oligo  GEArrays  in  a  hybridization  oven  at  60°C  overnight  at  5-10rpm  (SuperArray). 
Following  several  wash  steps  the  arrays  were  incubated  with  alkaline  phosphatase- 
conjugated  streptavidin  for  exactly  10  minutes.  The  arrays  were  washed  again  and 
reacted  with  CDP-Star  for  3  minutes  and  exposed  to  Hyperfilm™  ECL  (Amersham 
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Biosciences).  The  developed  film  was  captured  electronically  and  downloaded  into 
the  GEArray  Expression  Analysis  Suite.  Significant  differences  were  observed  in 
several  mRNA’s  including  apoptosis-related  genes  (BCL2-likel  and  BCL2- 
associated  X  protein  or  BAX),  Ras  homolog  gene  family  member  B,  Tissue  factor 
pathway  inhibitor,  thrombospondin  1,  and  TNF  receptor  superfamily  member  10c 
(see  table).  Previous  experiments  performed  with  R.  rickettsii-vn fectcd  monolayers 
have  shown  decreased  apoptotic  rates  mediated  via  NFk-B  activation.  Changes  in 
BCL-2  related  genes  would  open  a  new  avenue  of  investigation  to  study  apoptosis- 
related  events  in  infected  monolayers.  Thrombospondin  1  is  an  420  kDa  trimeric 
glycoprotein  secereted  by  several  cell  types  including  endothelial  cells  and  influences 
their  function.  One  of  the  effects  is  the  tyrosine  phosphorylation  of  adherens  junction 
proteins  that  regulate  endothelial  paracellular  permeability.  Marked  downregulation 
of  this  mRNA  certainly  merits  further  investigation.  Downregulation  of  the  tissue 
factor  pathway  inhibitor  would  also  help  explain  some  of  the  coagulation  cascade 
products  and  fibrinolytic  pathway  changes  observed  in  vitro  and  in  vivo  models  of 
rickettsial  infections.  Finally,  marked  downregulation  of  the  Ras  homolog  B  (Rho  B) 
is  another  exciting  finding  in  our  research.  This  endosomal  GTP-ase  has  received 
tremendous  attention  in  cancer  research  because  of  its  possible  role  in  limiting  cell 
proliferation,  survival,  invasion  and  metastases.  Levels  are  commonly  attenuated 
during  malignant  progression.  As  for  the  role  of  Rho  B  in  rickettsial  research, 
virtually  nothing  is  known  about  its  possible  role  in  such  infections.  One  of  its 
functions  in  eukaryotic  cells  is  in  regulation  of  cytokine  trafficking  (modulation  of 
trafficking  of  cell  surface  receptors)  and  cell  survival. 
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Immunofluorescence  of  junctional  proteins  in  endothelial  monolayers. 

We  concentrated  our  efforts  on  adherens  junctions  and  tight  junctions.  Experiments 
aimed  at  studying  tight  junctions  were  complicated  due  to  the  fact  that  microvascular 
endothelial  cell  lines  do  not  express  either  occludin  or  claudin,  the  two  main 
components  of  tight  junctions.  We  therefore  decided  to  use  primary  murine 
microvascular  endothelial  cells.  A  protocol  for  such  purpose  was  developed. 
Expression  of  occludin  and  ZO-1  were  demonstrated  by  confocal  microscopy  (14). 
Experiments  with  the  primary  mouse  microvascular  endothelial  cells  (MBEC) 
infected  with  R.  rickettsii  showed  a  frayed  appearance  of  occludin  staining  after  24 
hours  of  infection  (Figure  10). 

Experiments  using  SV-HCEC  demonstrated  loss  of  pl20/[3-catenin  staining  at 
intercellular  junctions  as  early  as  12  hours  after  infection  with  formation  of  granular 
deposits  of  p  120  in  the  cytoplasm  and  formation  of  intercellular  gaps  (Figure  1 1). 
These  changes  correlate  well  with  the  changes  observed  in  vascular  permeability 
using  ECIS.  Infection  with  R.  conorii  did  not  have  the  same  effect  on  pl20/[3-catenin 
at  up  to  72  hours  of  infection.  Expression  of  p  120  did  not  reveal  any  changes  by 
western  immunoblotting,  implying  post-translational  modification. 

III.  KEY  RESEARCH  ACOMPLISHMENTS 

1 .  Construction  of  more  than  two  dozen  libraries  using  plasmid  ptatCCDlib-(3-gal  and 
ptatCCD-EGFP  encoding  combinatorial  6-mer,  12-mer  and  18-mer  adapteins  with 
~2  x  107-3-5  x  108. 
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2.  Large  scale  production  of  combinatorial  libraries  in  bacterial  cells. 

3.  Challenge  experiments  with  rickettsial  pathogens  were  not  successful  in  expanding 
resistant  clones  or  cell  colonies.  We  continue  to  experiment  under  different 
conditions  and  with  other  cell  lines.  Libraries  are  continuously  available. 

4.  Successful  infection  of  murine  and  human  monocytic  cell  lines  with  adaptein- 
containing  retroviruses  for  rickettsial  challenges  with  cell  suspensions 

5.  Acquisition  of  several  rat,  mouse  and  human  microvascular  endothelial  cells  for 
experiments  involving  vascular  penneability  (SV-HCEC,  TIME,  RBE4). 

6.  Development  of  a  protocol  to  isolate  primary  brain  microvascular  endothelial  cells 
of  murine  origin. 

7.  Development  of  a  reliable,  continuous,  and  reproducible  system  to  study 
microvascular  endothelial  permeability  on  a  continuous  basis  using  Electronic  Cell 
Substrate  Impedance  Sensing  in  the  Biosafety  Level  3  environment.  This  technique 
can  be  applied  to  any  pathogen  capable  of  increasing  microvascular  or  epithelial 
permeability.  In  fact,  several  collaboration  have  resulted  with  researchers  on 
campus  working  with  viral  hemorrhagic  fever  viruses. 

8.  Demonstration  of  the  role  of  cytokines  (IL-lf3,  IFN-y,  and  TNF-a)  in  endothelial 
permeability  during  infection  with  R.  rickettsii. 

9.  Demonstration  of  the  different  effects  of  two  pathogenic  rickettsiae  ( R .  conorii  and 
R.  rickettsii )  in  endothelial  permeability. 

10.  Demonstration  of  the  role  of  ROS  and  NO  as  rickettsicidal  mechanisms  and  as 
factors  affecting  endothelial  permeability. 
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11.  Demonstration  of  the  role  of  pl20/[3-catenin  in  adherens  junctions  changes  in  SV- 
HCEC  monolayers. 

12.  Demonstration  of  the  role  of  occluding  in  tight  junction  changes  in  primary  murine 
brain  endothelial  cells. 

13.  Demonstration  of  differential  regulation  of  five  genes  R.  conorii-  and  R.  rickettsii- 
infected  microvascular  endothelial  cells  using  mRNA  microarrays. 
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of  Novel  Anti-Rickettsial  Treatment  by  Combinatorial  Peptide-Based  Libraries. 
Technical  Reports  submitted  to  the  United  States  AMRMC.  2003,  2004,  2005, 
2006. 
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Manuscripts  submitted/in  preparation 


1.  Woods  ME,  Olano  JP.  Host  defenses  to  Rickettsia  rickettsii  infection  contribute  to 
increased  microvascular  penneability  in  human  cerebral  endothelial  cells.  American 
Journal  of  Pathology  (draft  attached). 

2.  Woods  ME,  Olano  JP.  Differences  in  endothelial  permeability  in  Rickettsia  conorii- 
and  Rickettsia  rickettsii- infected  human  brain  microvascular  endothelial  cells: 
Pathogenetic  implications  for  human  disease.  American  Journal  of  Pathology  (in 
preparation). 

Personnel  trained 

1.  Michael  E.  Woods,  B.Sc.  Mr.  Woods  performed  all  experiments  related  to  his  Ph.D. 
dissertation.  He  will  defend  his  thesis  in  the  fall  of  2007. 

Grant  applications 

We  are  planning  to  submit  two  grant  applications:  the  first  one  will  concentrate  on 
proteomics  of  microvascular  endothelial  cells  and  its  use  in  prognosis  of  patients 
acutely  infected  with  rickettsiae.  Endothelial  permeability  markers  will  be  analyzed. 

The  second  project  will  be  in  collaboration  with  Sandia  National  Laboratories  and  will 
concentrate  on  the  creation  of  highly  advanced  and  automated  in  vitro  models  of  the 
blood  brain  barrier  and  alveolo-capillary  barrier  in  the  lungs.  Both  projects  will  use 
large  amounts  a  data  generated  by  this  contract. 

V.  CONCLUSIONS 

The  role  of  rickettsial  organisms  alone  and  in  combination  with  cytokines  (TNF-a, 
IFN-y  and  IL-ip)  in  endothelial  permeability  is  now  well  defined.  We  have 
demonstrated  a  synergistic  effect  of  rickettsiae  and  pro-inflammatory  cytokines  in 
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negatively  regulating  the  integrity  of  endothelial  monolayers.  Specifically,  we  have 
shown  that  very  low  doses  of  TNF-a,  IL-ip  or  IFN-y  (0.1  or  lng/ml)  either  singly  or  in 
combination,  coupled  with  R.  rickettsii  infection  leads  to  a  significant  increase  in 
endothelial  permeability.  The  response  to  cytokine  stimulation  is  dose  dependent  in  the 
absence  of  rickettsial  infection  as  is  the  effect  of  rickettsial  infection  alone.  This 
cytokine  stimulation  is  not  accompanied  by  an  increase  in  nitric  oxide  production  in  the 
SV-HCEC  cell  line.  However,  minor  increases  in  NO  production  have  been 
documented  in  SV-HCEC  infected  with  R.  rickettsii.  Such  increases  probably  are  not 
high  enough  to  affect  endothelial  permeability.  The  role  of  NO  in  controlling  rickettsial 
infections  in  mice  has  been  very  well  documented.  However,  its  role  in  humans  remains 
controversial.  For  human  cells  to  increase  NO  production,  several  cytokines  have  to  be 
used  in  combination  as  documented  by  in  vitro  experiments. 

Experiments  demonstrate  that  TNF-a  has  the  greatest  impact  on  rickettsiae-infected 
cells  resulting  in  a  15%  increase  in  permeability  when  compared  to  infected  cells  even 
at  doses  as  low  as  0.  lng/ml.  The  synergistic  effects  of  IL-ip  do  not  seem  to  be  as 
pronounced  in  infected  cells  when  compared  to  those  of  TNF-a.  Likewise  we  have 
demonstrated  the  loss  of  pl20/catenin  staining  at  endothelial  junctions  as  early  as  12 
hours  post-rickettsial  infection  with  R.  rickettsii.  The  regular  staining  pattern  of  cell 
borders  becomes  fragmented  and  disjointed  and  antedates  the  fonnation  of  intercellular 
gaps.  These  changes  correlate  well  with  the  increased  permeability  observed  by  ECIS. 
Conversely,  in  monolayers  infected  with  R.  conorii  we  did  not  observe  such  changes  in 
pl20/p-catenin  (Figure  10).  Expression  of  pl20  as  measured  by  western  blot  suggesting 
a  post-translational  modification  is  occurring,  perhaps  in  the  fonn  of  tyrosine 
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phosphorylation. 

Infection  of  endothelial  monolayers  with  R.  conorii  has  no  effect  on  endothelial 
permeability  for  the  first  2-3  days  of  infection,  after  which  time  the  cells  succumb  to 
the  high  level  of  infection.  Current  experiments  are  aimed  at  delineating  the  origin  of 
increased  virulence  of  R.  rickettsii  through  gene  expression  arrays  and  proteomic 
analysis  of  host  responses  to  infection.  The  Oligo  GEArray®  System  Human 
Endothelial  Array  allowed  us  to  detect  changes  in  expression  of  five  genes  associated 
with  endothelial  cell  biology  and  has  shown  us  potentially  important  differential 
regulation  in  R.  rickettsii  versus  R.  conorii- infected  monolayers.  This  important 
infonnation  is  currently  being  used  to  generate  data  by  using  quantitative  RT-PCR 
targeting  those  specific  genes  at  different  time  points  of  infection  (6,  12,  24,  48  and  72 
hours).  In  addition,  the  ProteomeLab™  PF  2D  system  will  allow  us  to  systematically 
investigate  the  host  proteome  response  to  rickettsial  infection  in  a  highly  sensitive, 
reliable  and  automated  manner.  We  expect  this  to  provide  us  with  high  amounts  of 
infonnation  about  the  host  response  to  rickettsial  infection  leading  to  many  important 
avenues  of  research.  The  results  of  these  experiments  will  be  reported  as  an  addendum. 
VI.  SCIENTIFIC  PERSONNEL 

1.  David  H.  Walker,  Principal  Investigator(10%  effort) 

2.  Juan  P.  Olano,  M.D.  Co-Principal  Investigator  (25%  effort) 

3.  Stanley  Watowich,  Ph.D.,  Collaborator  (first  two  years  of  the  award,  10%  effort) 

4.  Robert  A.  Davey,  Ph.D.  Collaborator  (first  two  years  of  the  award,  10%  effort). 

5.  Paul  Koo,  Ph.D.  Post-doctoral  fellow  (2002-2005) 

6.  Olga  Kolokoltsova.  Research  Technician  (2002-2004) 
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7.  Drew  Deniger.  Research  Technician  (2002-2004 

8.  Gary  Wen,  M.Sc.  Research  Associate  (2004-2007) 

9.  Michael  E.  Woods,  B.Sc.  Graduate  student  (100%  effort,  2004-2007) 

10.  Leoncio  Vergara,  M.D.  (10%  effort,  June  2004-Feb  2006) 
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Figure  1 


Average  Nitrite  Concentration  in  SV-HCEC  Supernatants 
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Average  Normalized  Resistance  Normalized  Resistance 


Figure  2 


Representative  TNF-t  Dose  Response 
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Average  Normalized  Resistance 


Figure  3 


Representative  IL-1B  Dose  Response 
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Average  Normalized  Resistance 


Figure  4 


Representative  IFN-y  Dose  Response 


IFN-y  Dose  Response  at  24hrs 
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Average  Normalized  Resistance 


Figure  5 


R.  rickettsii  plus  TNF-a  Dose  Response 
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Average  Normalized  Resistance 


Figure  6 


R.  rickettsii  +  IL-1B  Dose  Response 
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Figure  7 


R.  rickettsii  plus  IFN-y  Dose  Response 
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Figure  8 


R.  rickettsii  plus  Cytokine  Combinations  (O.lng/ml) 
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Figure  9 
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Figure  10 


Mock  Infected  /?.  conorii  Infected  R.  rickettsii  Infected 


Figure.  MBECs  (pO)  were  infected  with  rickettsiae  and  fixed  in  methanol  at  24  hours  after  infection. 
The  cells  were  then  stained  with  mouse  anti-pi 20  and  rabbit  anti-SFG  antibodies, 
pi 20  is  in  red,  rickettsiae  is  in  green 


41 


Figure  1 1 


Primary  murine  brain  microvascular  endothelial  cells  stain  with  anti-occludin  antibodies. 
Top:  Mock  infected  at  24  hours.  Bottom:  Infected  with  R.  rickettsii  for  24  hours.  Note 
“frayed”  appearance  of  occluding  membrane  staining  in  infected  cells.  DAPI  was  used  as 
nuclear  counterstain. 
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TABLE 


Project 
Catalog  # 
Density 
Clover 
Total  Arrays 
Total  Groups 
Background 
AP  threshold 
Normalization 


SV-HCEC  rickettsiae 

Oligo  GEArray  Human  Endothelial  Cell  Biology  Microarray, 

Average 

Clover  On 

6 

3 

Empty  spots:  positions 
1.20 

Selected  genes:  positions  1,  127,  128 


Array  Name 


R.  rickettsu  __  , 

Mock  1mm  R.  conoru  .  Mock  30sec 

M  .  1mm 

exposure  1mm  exposure  exposure 

exposure 


Assigned 

Group 


Group  1  Group  2 


Group  3  Group  1 


R.  conorii 

30sec 

exposure 


R. 

rickettsii 

30sec 

exposure 


Group  2  Group  3 


*  As  default,  Group  1  is  used  as  control 

Numbers  reported  BLUE  indicate  that  these  spots  are  considered  as  "Absent"  (see  Page  "Absent_Present  Calls"  for  details). 
Numbers  reported  RED  indicate  that  these  spots  are  considered  as  "Bleeding"  (see  Page  "Bleeding"  for  details). _ 


Group  1 

Group  2 

Group  3 

Group  2/ 
Group  1 

Group  3/ 
Group  1 

Position 

UniGene 

RefSeq 

Number 

Symbol 

Description 

Mock  Imin 

Mock 

average 

R. 

conorii 

Imin 

R. 

conorii 

average 

R. 

rickettsii 

Imin 

R. 

rickettsii 

average 

1 

Hs.311640 

NM  002954 

RPS27A 

Ribosomal 
protein  S27a 

0.80 

0.58 

0.69 

0.82 

0.62 

0.72 

0.60 

0.38 

0.49 

1.05 

0.72 

2 

Hs.298469 

NM_1 52831 

ACE 

Angiotensin  1 
converting  enzyme 
(peptidyl- 
dipeptidase  A)  1 

0.07 

0.00 

0.04 

0.28 

0.15 

0.21 

0.05 

0.03 

0.04 

5.95 

1.22 

3 

Hs.1 78098 

NM_021804 

ACE2 

Angiotensin  1 
converting  enzyme 
(peptidyl- 
dipeptidase  A)  2 

-0.16 

-0.10 

-0.13 

-0.05 

-0.01 

-0.03 

-0.07 

-0.05 

-0.06 

0.24 

0.43 

4 

Hs.404914 

NM_003183 

ADAM 17 

ADAM 

metallopeptidase 
domain  17  (tumor 
necrosis  factor, 
alpha,  converting 
enzyme) 

-0.17 

-0.09 

-0.13 

-0.01 

-0.02 

-0.01 

-0.07 

-0.03 

-0.05 

0.10 

0.36 

5 

Hs.1 9383 

NM_000029 

AGT 

Angiotensinogen 
(serpin  peptidase 
inhibitor,  clade  A, 
member  8) 

-0.22 

-0.14 

-0.18 

-0.08 

-0.04 

-0.06 

-0.08 

-0.03 

-0.05 

0.35 

0.30 

6 

Hs.477887 

NM_031850 

AGTR1 

Angiotensin  II 
receptor,  type  1 

-0.22 

-0.13 

-0.18 

-0.06 

-0.03 

-0.05 

-0.09 

-0.05 

-0.07 

0.27 

0.39 

7 
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NM_000686 

AGTR2 

Angiotensin  II 
receptor,  type  2 

-0.20 

-0.14 

-0.17 

-0.09 

-0.05 

-0.07 

-0.10 

-0.05 

-0.08 

0.41 

0.44 

8 
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NM_000698 

ALOX5 

Arachidonate  5- 
lipoxygenase 

-0.19 

-0.11 

-0.15 

-0.08 

-0.06 
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-0.04 

-0.06 

0.47 

0.40 

9 
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NM  001146 

ANGPT1 

Angiopoietin  1 

-0.14 

-0.11 

-0.12 
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-0.02 

0.02 

0.17 

10 
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NM  001147 

ANGPT2 

Angiopoietin  2 

-0.17 

-0.13 

-0.15 

0.00 
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0.00 

-0.04 

-0.02 

-0.03 

0.00 

0.18 

11 

Hs.209153 

NM  014495 

ANGPTL3 

Angiopoietin-like  3 

-0.14 

-0.07 

-0.11 

0.04 

0.03 

0.03 

-0.02 

0.00 

-0.01 

-0.31 

0.08 

12 

Hs.480653 

NM  001154 

ANXA5 

Annexin  A5 

0.97 

1.18 

1.07 

1.05 

1.23 

1.14 

1.15 

1.23 

1.19 

1.07 

1.11 

13 

Hs. 72885 

NM_001700 

AZU1 

Azurocidin  1 
(cationic 

antimicrobial  protein 
37) 

-0.07 

-0.06 

-0.07 

0.11 

0.07 

0.09 

0.01 

0.00 

0.00 

-1.32 

-0.05 

14 

Hs.1 59428 

NM  004324 

BAX 

BCL2-associated  X 
protein 

0.74 

0.54 

0.64 

0.99 

0.99 

0.99 

0.66 

0.44 

0.55 

1.55 

0.85 

15 

Hs.1 50749 

NM_000633 

BCL2 

B-cell 

CLL/lymphoma  2 

-0.15 

-0.09 

-0.12 

-0.01 

-0.01 

-0.01 

-0.04 

-0.02 

-0.03 

0.05 

0.27 

16 

Hs.227817 

NM_004049 

BCL2A1 

BCL2-related 
protein  A1 

-0.16 

-0.08 

-0.12 

-0.08 

-0.05 

-0.07 

-0.09 

-0.04 

-0.06 

0.55 

0.52 

17 

Hs. 516966 

NM  138578 

BCL2L1 

BCL2-like  1 

1.01 

1.05 

1.03 

1.02 

1.03 

1.03 

0.65 

0.41 

0.53 

1.00 

0.52 

18 

Hs.1 13916 

NM_001716 

BLR1 

Burkitt  lymphoma 
receptor  1 ,  GTP 
binding  protein 
(chemokine  (C-X-C 
motif)  receptor  5) 

0.82 

0.60 

0.71 

0.84 

0.64 

0.74 

0.69 

0.45 

0.57 

1.04 

0.80 

19 

Hs.2490 

NM_033292 

CAS  PI 

Caspase  1 , 
apoptosis-related 
cysteine  peptidase 
(interleukin  1 ,  beta, 
convertase) 

0.03 

-0.03 

0.00 

0.09 

0.07 

0.08 

0.03 

0.02 

0.03 

33.91 

12.11 

20 

Hs.5353 

NM_001230 

CASP10 

Caspase  10, 
apoptosis-related 
cysteine  peptidase 

-0.13 

-0.12 

-0.12 

0.00 

0.02 

0.01 

-0.03 

-0.01 

-0.02 

-0.08 

0.18 

21 

Hs. 141 125 

NM_004346 

CASP3 

Caspase  3, 
apoptosis-related 
cysteine  peptidase 

-0.21 

-0.12 

-0.17 

-0.05 

-0.01 

-0.03 

-0.07 

-0.03 

-0.05 

0.18 

0.29 

22 

Hs.3280 

NM_032992 

CASP6 

Caspase  6, 
apoptosis-related 
cysteine  peptidase 

-0.18 

-0.11 

-0.15 

-0.04 

-0.02 

-0.03 

-0.06 

-0.03 

-0.04 

0.20 

0.30 

23 

Hs. 303649 

NM_002982 

CCL2 

Chemokine  (C-C 
motif)  ligand  2 

-0.18 

-0.12 

-0.15 

-0.04 

-0.02 

-0.03 

-0.05 

-0.02 

-0.04 

0.22 

0.24 

24 

Hs. 75498 

NM_004591 

CCL20 

Chemokine  (C-C 
motif)  ligand  20 

-0.17 

-0.09 

-0.13 

-0.03 

-0.02 

-0.02 

-0.06 

-0.02 

-0.04 

0.17 

0.28 

25 

Hs. 514821 

NM_002985 

CCL5 

Chemokine  (C-C 
motif)  ligand  5 

-0.06 

-0.05 

-0.05 

0.07 

0.03 

0.05 

-0.01 

0.01 

0.00 

-0.93 

0.03 

26 

Hs. 76206 

NM_001795 

CDH5 

Cadherin  5,  type  2, 
VE-cadherin 
(vascular 
epithelium) 

-0.12 

-0.10 

-0.11 

-0.01 

0.00 

-0.01 

-0.04 

-0.02 

-0.03 

0.05 

0.27 

27 

Hs. 390736 

NM_003879 

CFLAR 

CASP8  and  FADD- 
like  apoptosis 
regulator 

-0.19 

-0.14 

-0.17 

-0.03 

-0.02 

-0.03 

-0.05 

-0.04 

-0.04 

0.16 

0.26 

28 

Hs.1 50793 

NM_001275 

CHGA 

Chromogranin  A 
(parathyroid 
secretory  protein  1 ) 

-0.23 

-0.14 

-0.19 

-0.07 

-0.03 

-0.05 

-0.03 

-0.02 

-0.03 

0.26 

0.15 

29 

Hs. 51 7356 

NM  030582 

COL18A1 

Collagen,  type 

XVIII,  alpha  1 

-0.23 

-0.14 

-0.18 

-0.09 

-0.04 

-0.07 

-0.06 

-0.03 

-0.05 

0.38 

0.26 

30 

Hs. 512937 

NM_001872 

CPB2 

Carboxypeptidase 

B2  (plasma, 
carboxypeptidase 

U) 

-0.14 

-0.10 

-0.12 

-0.03 

-0.01 

-0.02 

-0.01 

-0.01 

-0.01 

0.17 

0.09 

31 

Hs. 38533 

NM_003805 

CRADD 

CASP2  and  RIPK1 
domain  containing 
adaptor  with  death 
domain 

-0.18 

-0.12 

-0.15 

-0.05 

-0.03 

-0.04 

-0.05 

-0.02 

-0.04 

0.26 

0.25 

32 

Hs.1349 

NM  000758 

CSF2 

Colony  stimulating 
factor  2 
(granulocyte- 
macrophage) 

-0.18 

-0.11 

-0.14 

-0.06 

-0.03 

-0.05 

-0.06 

-0.03 

-0.04 

0.31 

0.30 

33 

Hs.2233 

NM_000759 

CSF3 

Colony  stimulating 
factor  3 
(granulocyte) 

0.05 

0.00 

0.02 

0.29 

0.15 

0.22 

0.06 

0.02 

0.04 

8.97 

1.78 

34 

Hs. 531668 

NM_002996 

CX3CL1 

Chemokine  (C-X3- 
C  motif)  ligand  1 

-0.16 

-0.13 

-0.14 

-0.02 

-0.02 

-0.02 

-0.03 

-0.02 

-0.03 

0.14 

0.18 

35 

Hs. 546251 

NM  001953 

ECGF1 

Endothelial  cell 
growth  factor  1 
(platelet-derived) 

-0.13 

-0.11 

-0.12 

0.09 

0.05 

0.07 

-0.03 

0.00 

-0.01 

-0.59 

0.12 

36 

Hs. 51 1899 

NM  001955 

EDN1 

Endothelin  1 

-0.22 

-0.14 

-0.18 

-0.07 

-0.03 

-0.05 

-0.05 

-0.02 

-0.04 

0.29 

0.20 

37 

Hs.1407 

NM  001956 

EDN2 

Endothelin  2 

-0.23 

-0.14 

-0.18 

-0.09 

-0.04 

-0.07 

-0.05 

-0.04 

-0.04 

0.37 

0.24 

38 

Hs.1408 

NM  000114 

EDN3 

Endothelin  3 

-0.21 

-0.12 

-0.17 

-0.08 

-0.05 

-0.07 

-0.06 

-0.04 

-0.05 

0.39 

0.28 

39 

Hs. 183713 

NM_001957 

EDNRA 

Endothelin  receptor 
type  A 

-0.20 

-0.13 

-0.17 

-0.08 

-0.05 

-0.06 

-0.04 

-0.03 

-0.04 

0.38 

0.24 

40 

Hs. 82002 

NM_0001 15 

EDNRB 

Endothelin  receptor 
type  B 

-0.18 

-0.08 

-0.13 

-0.07 

-0.04 

-0.05 

-0.06 

-0.02 

-0.04 

0.42 

0.34 

41 

Hs.435765 

NM_001977 

ENPEP 

Glutamyl 
aminopeptidase 
(aminopeptidase  A) 

-0.17 

-0.11 

-0.14 

-0.02 

-0.02 

-0.02 

-0.06 

-0.03 

-0.05 

0.12 

0.34 

42 

Hs.62192 

NM_001993 

F3 

Coagulation  factor 

III  (thromboplastin, 
tissue  factor) 

-0.16 

-0.13 

-0.15 

-0.04 

-0.03 

-0.04 

-0.06 

-0.03 

-0.05 

0.24 

0.33 

43 

Hs.483635 

NM_000800 

FGF1 

Fibroblast  growth 
factor  1  (acidic) 

-0.21 

-0.15 

-0.18 

-0.04 

-0.03 

-0.04 

-0.06 

-0.05 

-0.06 

0.20 

0.31 

44 

Hs.284244 

NM_002006 

FGF2 

Fibroblast  growth 
factor  2  (basic) 

-0.21 

-0.13 

-0.17 

-0.06 

-0.04 

-0.05 

-0.05 

-0.03 

-0.04 

0.29 

0.25 

45 

Hs. 507621 

NM_002019 

FLT1 

Fms-related 
tyrosine  kinase  1 
(vascular 
endothelial  growth 
factor/vascular 
permeability  factor 
receptor) 

-0.21 

-0.12 

-0.16 

-0.08 

-0.05 

-0.06 

-0.05 

-0.03 

-0.04 

0.38 

0.26 

46 

Hs. 507590 

NM_0041 19 

FLT3 

Fms-related 
tyrosine  kinase  3 

-0.17 

-0.10 

-0.13 

-0.07 

-0.04 

-0.06 

-0.06 

-0.03 

-0.04 

0.44 

0.33 

47 

Hs.415048 

NM_002020 

FLT4 

Fms-related 
tyrosine  kinase  4 

-0.04 

-0.03 

-0.03 

0.09 

0.05 

0.07 

0.00 

0.01 

0.01 

-1.98 

-0.16 

48 

Hs.203717 

NM  002026 

FN1 

Fibronectin  1 

-0.15 

-0.07 

-0.11 

0.02 

0.00 

0.01 

-0.03 

0.00 

-0.02 

-0.08 

0.16 

49 

Hs.515126 

NM_000201 

ICAM1 

Intercellular 
adhesion  molecule 

1  (CD54),  human 
rhinovirus  receptor 

-0.15 

-0.10 

-0.13 

-0.04 

-0.04 

-0.04 

-0.06 

-0.04 

-0.05 

0.32 

0.39 

50 

Hs.431460 

NM  000873 

ICAM2 

Intercellular 
adhesion  molecule 

2 

-0.18 

-0.13 

-0.16 

-0.04 

-0.03 

-0.04 

-0.06 

-0.04 

-0.05 

0.24 

0.31 

51 

Hs. 353214 

NM_002162 

ICAM3 

Intercellular 
adhesion  molecule 

3 

-0.14 

-0.12 

-0.13 

-0.01 

-0.01 

-0.01 

-0.03 

-0.02 

-0.03 

0.06 

0.21 

52 

Hs.93177 

NM_002176 

IFNB1 

Interferon,  beta  1, 
fibroblast 

0.11 

0.03 

0.07 

0.13 

0.06 

0.10 

0.07 

0.03 

0.05 

1.35 

0.72 

53 

Hs.467304 

NM  000641 

IL1 1 

Interleukin  1 1 

-0.19 

-0.13 

-0.16 

-0.08 

-0.03 

-0.06 

-0.06 

-0.04 

-0.05 

0.34 

0.28 

54 

Hs. 17987 

NM  175852 

TXLNA 

Taxilin  alpha 

-0.07 

-0.05 

-0.06 

-0.03 

-0.03 

-0.03 

-0.05 

-0.03 

-0.04 

0.42 

0.63 

55 

Hs. 168132 

NM  172175 

IL15 

Interleukin  15 

0.05 

0.01 

0.03 

0.03 

0.01 

0.02 

-0.01 

0.01 

0.00 

0.77 

-0.03 

56 

Hs.1 26256 

NM  000576 

IL1B 

Interleukin  1,  beta 

1.10 

1.13 

1.11 

1.07 

1.20 

1.14 

1.15 

1.26 

1.20 

1.02 

1.08 

57 

Hs.694 

NM_000588 

IL3 

Interleukin  3 
(colony-stimulating 
factor,  multiple) 

-0.02 

-0.03 

-0.03 

0.04 

0.02 

0.03 

0.01 

-0.01 

0.00 

-1.09 

-0.02 

58 

Hs. 51 2234 

NM_000600 

IL6 

Interleukin  6 
(interferon,  beta  2) 

-0.19 

-0.13 

-0.16 

-0.05 

-0.05 

-0.05 

-0.06 

-0.04 

-0.05 

0.31 

0.30 

59 

Hs. 536926 

NM  000880 

IL7 

Interleukin  7 

-0.20 

-0.14 

-0.17 

-0.05 

-0.04 

-0.04 

-0.07 

-0.04 

-0.05 

0.25 

0.30 

60 

Hs.624 

NM  000584 

IL8 

Interleukin  8 

-0.20 

-0.13 

-0.17 

-0.06 

-0.04 

-0.05 

-0.06 

-0.04 

-0.05 

0.29 

0.28 

61 

Hs. 505654 

NM_002205 

ITGA5 

Integrin,  alpha  5 
(fibronectin 
receptor,  alpha 
polypeptide) 

-0.19 

-0.12 

-0.16 

-0.09 

-0.06 

-0.07 

-0.06 

-0.04 

-0.05 

0.45 

0.34 

62 

Hs.436873 

NM_002210 

ITGAV 

Integrin,  alpha  V 
(vitronectin 
receptor,  alpha 
polypeptide, 
antigen  CD51) 

-0.15 

-0.09 

-0.12 

-0.03 

-0.03 

-0.03 

-0.04 

-0.04 

-0.04 

0.26 

0.31 

63 

Hs.429052 

NM_00221 1 

ITGB1 

Integrin,  beta  1 
(fibronectin 
receptor,  beta 
polypeptide, 
antigen  CD29 
includes  MDF2, 
MSK12) 

-0.08 

-0.04 

-0.06 

0.05 

0.04 

0.05 

-0.02 

0.00 

-0.01 

-0.75 

0.12 

64 

Hs.218040 

NM_000212 

ITGB3 

Integrin,  beta  3 
(platelet 

glycoprotein  Ilia, 
antigen  CD61) 

-0.04 

-0.03 

-0.04 

0.01 

0.00 

0.01 

-0.02 

0.00 

-0.01 

-0.21 

0.34 

65 

Hs.479756 

NM_002253 

KDR 

Kinase  insert 
domain  receptor  (a 
type  III  receptor 
tyrosine  kinase) 

-0.12 

-0.09 

-0.11 

-0.06 

-0.04 

-0.05 

-0.06 

-0.04 

-0.05 

0.48 

0.47 

66 

Hs.479754 

NM_000222 

KIT 

V-kit  Hardy- 
Zuckerman  4  feline 
sarcoma  viral 
oncogene  homolog 

-0.16 

-0.12 

-0.14 

-0.06 

-0.04 

-0.05 

-0.06 

-0.04 

-0.05 

0.36 

0.37 

67 

Hs. 171995 

NM_001648 

KLK3 

Kallikrein  3, 

(prostate  specific 
antigen) 

-0.17 

-0.12 

-0.15 

-0.06 

-0.03 

-0.05 

-0.06 

-0.05 

-0.05 

0.31 

0.38 

68 

Hs. 99900 

NM  002377 

MAS1 

MAS1  oncogene 

-0.21 

-0.13 

-0.17 

-0.07 

-0.05 

-0.06 

-0.08 

-0.04 

-0.06 

0.37 

0.35 

69 

Hs. 83169 

NM_002421 

MMP1 

Matrix 

metallopeptidase  1 

(interstitial 

collagenase) 

-0.20 

-0.13 

-0.16 

-0.07 

-0.05 

-0.06 

-0.07 

-0.05 

-0.06 

0.35 

0.35 

70 

Hs.2399 

NM_004995 

MMP14 

Matrix 

metallopeptidase  14 

(membrane- 

inserted) 

-0.11 

-0.07 

-0.09 

-0.01 

0.01 

0.00 

-0.02 

-0.02 

-0.02 

0.01 

0.20 

71 

Hs. 513617 

NM  004530 

MMP2 

Matrix 

metallopeptidase  2 
(gelatinase  A, 

72kDa  gelatinase, 
72kDa  type  IV 
collagenase) 

1.10 

1.04 

1.07 

1.07 

1.03 

1.05 

1.14 

1.21 

1.18 

0.98 

1.10 

72 

Hs.297413 

NM_004994 

MMP9 

Matrix 

metallopeptidase  9 
(gelatinase  B, 

92kDa  gelatinase, 
92kDa  type  IV 
collagenase) 

-0.12 

-0.06 

-0.09 

-0.03 

0.01 

-0.01 

-0.01 

0.00 

0.00 

0.10 

0.05 

73 

Hs.462525 

NM_000625 

NOS2A 

Nitric  oxide 
synthase  2A 
(inducible, 
hepatocytes) 

-0.08 

-0.08 

-0.08 

0.00 

0.00 

0.00 

-0.04 

-0.03 

-0.04 

0.02 

0.45 

74 

Hs. 51 1603 

NM_000603 

NOS3 

Nitric  oxide 
synthase  3 
(endothelial  cell) 

-0.15 

-0.11 

-0.13 

-0.06 

-0.04 

-0.05 

-0.06 

-0.04 

-0.05 

0.37 

0.36 

75 

Hs.219140 

NM_002521 

NPPB 

Natriuretic  peptide 
precursor  B 

-0.19 

-0.14 

-0.16 

-0.08 

-0.05 

-0.07 

-0.07 

-0.05 

-0.06 

0.40 

0.37 

76 

Hs.490330 

NM_000906 

NPR1 

Natriuretic  peptide 
receptor 

A/guanylate 
cyclase  A 
(atrionatriuretic 
peptide  receptor  A) 

-0.21 

-0.13 

-0.17 

-0.08 

-0.05 

-0.06 

-0.08 

-0.05 

-0.07 

0.38 

0.39 

77 

Hs.482439 

NM  002538 

OCLN 

Occludin 

-0.18 

-0.13 

-0.15 

-0.08 

-0.06 

-0.07 

-0.06 

-0.03 

-0.05 

0.45 

0.32 

78 

Hs.74615 

NM_006206 

PDGFRA 

Platelet-derived 
growth  factor 
receptor,  alpha 
polypeptide 

-0.15 

-0.10 

-0.13 

-0.03 

-0.02 

-0.03 

-0.05 

-0.02 

-0.04 

0.21 

0.28 

79 

Hs. 509067 

NM_002609 

PDGFRB 

Platelet-derived 
growth  factor 
receptor,  beta 
polypeptide 

-0.09 

-0.06 

-0.08 

-0.01 

-0.02 

-0.01 

-0.04 

-0.02 

-0.03 

0.15 

0.38 

80 

Hs.514412 

NM_000442 

PECAM1 

Platelet/endothelial 
cell  adhesion 
molecule  (CD31 
antigen) 

-0.14 

-0.08 

-0.11 

-0.04 

-0.03 

-0.03 

-0.02 

-0.02 

-0.02 

0.28 

0.19 

81 

Hs.81564 

NM_002619 

PF4 

Platelet  factor  4 
(chemokine  (C-X-C 
motif)  ligand  4) 

-0.10 

-0.08 

-0.09 

-0.05 

-0.02 

-0.04 

-0.06 

-0.05 

-0.05 

0.42 

0.59 

82 

Hs.252820 

NM_002632 

PGF 

Placental  growth 
factor,  vascular 
endothelial  growth 
factor-related 
protein 

-0.14 

-0.09 

-0.11 

-0.07 

-0.04 

-0.06 

-0.06 

-0.03 

-0.05 

0.48 

0.42 

83 

Hs. 18858 

NM  003706 

PLA2G4C 

Phospholipase  A2, 
group  IVC 
(cytosolic,  calcium- 
independent) 

-0.15 

-0.11 

-0.13 

-0.07 

-0.06 

-0.06 

-0.07 

-0.04 

-0.05 

0.49 

0.41 

84 

Hs.491582 

NM_000930 

PLAT 

Plasminogen 
activator,  tissue 

-0.17 

-0.11 

-0.14 

-0.09 

-0.06 

-0.07 

-0.07 

-0.05 

-0.06 

0.53 

0.41 

85 

Hs. 77274 

NM_002658 

PLAU 

Plasminogen 
activator,  urokinase 

-0.14 

-0.10 

-0.12 

-0.06 

-0.05 

-0.06 

-0.07 

-0.05 

-0.06 

0.46 

0.47 

86 

Hs.  143436 

NM  000301 

PLG 

Plasminogen 

-0.14 

-0.09 

-0.12 

-0.06 

-0.04 

-0.05 

-0.06 

-0.05 

-0.06 

0.45 

0.49 

87 

Hs. 302085 

NM_000961 

PTGIS 

Prostaglandin  12 

(prostacyclin) 

synthase 

-0.11 

-0.08 

-0.09 

-0.07 

-0.05 

-0.06 

-0.05 

-0.04 

-0.04 

0.63 

0.46 

88 

Hs.1 96384 

NM  000963 

PTGS2 

Prostaglandin- 
endoperoxide 
synthase  2 
(prostaglandin  G/H 
synthase  and 
cyclooxygenase) 

-0.11 

-0.05 

-0.08 

-0.07 

-0.04 

-0.05 

-0.05 

-0.04 

-0.04 

0.66 

0.53 

89 

Hs. 502876 

NM_004040 

RHOB 

Ras  homolog  gene 
family,  member  B 

0.74 

0.48 

0.61 

0.12 

0.06 

0.09 

0.02 

0.00 

0.01 

0.15 

0.01 

90 

Hs. 51 9842 

NM_003804 

RIPK1 

Receptor 
(TNFRSF)- 
interacting  serine- 
threonine  kinase  1 

-0.07 

-0.06 

-0.07 

-0.06 

-0.04 

-0.05 

-0.06 

-0.03 

-0.04 

0.72 

0.65 

91 

Hs. 89546 

NM_000450 

SELE 

Selectin  E 
(endothelial 
adhesion  molecule 

D 

-0.15 

-0.10 

-0.13 

-0.09 

-0.06 

-0.08 

-0.07 

-0.04 

-0.05 

0.59 

0.43 

92 

Hs. 82848 

NM  000655 

SELL 

Selectin  L 
(lymphocyte 
adhesion  molecule 

D 

-0.11 

-0.07 

-0.09 

-0.04 

-0.04 

-0.04 

-0.05 

-0.04 

-0.04 

0.43 

0.49 

93 

Hs. 127346 

NM  003006 

SELPLG 

Selectin  P  ligand 

0.05 

-0.01 

0.02 

0.18 

0.09 

0.14 

0.02 

0.01 

0.02 

6.81 

0.87 

94 

Hs.414795 

NM  000602 

SERPINE1 

Serpin  peptidase 
inhibitor,  clade  E 
(nexin,  plasminogen 
activator  inhibitor 
type  1),  member  1 

-0.11 

-0.09 

-0.10 

-0.04 

-0.03 

-0.04 

0.00 

-0.01 

-0.01 

0.36 

0.06 

95 

Hs.443914 

NM_000454 

SOD1 

Superoxide 
dismutase  1 , 
soluble 

(amyotrophic  lateral 
sclerosis  1  (adult)) 

-0.06 

-0.06 

-0.06 

-0.06 

-0.05 

-0.06 

-0.05 

-0.05 

-0.05 

0.87 

0.76 

96 

Hs. 68061 

NM_021972 

SPHK1 

Sphingosine  kinase 

1 

-0.08 

-0.05 

-0.06 

-0.06 

-0.05 

-0.05 

-0.05 

-0.03 

-0.04 

0.91 

0.69 

97 

Hs. 89640 

NM  000459 

TEK 

TEK  tyrosine 
kinase,  endothelial 
(venous 
malformations, 
multiple  cutaneous 
and  mucosal) 

-0.04 

-0.04 

-0.04 

0.03 

0.02 

0.03 

-0.03 

-0.03 

-0.03 

-0.66 

0.66 

98 

Hs. 516578 

NM  006287 

TFPI 

Tissue  factor 

pathway  inhibitor 

(lipoprotein- 

associated 

coagulation 

inhibitor) 

0.55 

0.31 

0.43 

0.37 

0.22 

0.30 

0.31 

0.17 

0.24 

0.70 

0.57 

99 

Hs.438231 

NM  006528 

TFPI2 

Tissue  factor 
pathway  inhibitor  2 

-0.13 

-0.10 

-0.12 

-0.06 

-0.04 

-0.05 

-0.07 

-0.04 

-0.05 

0.42 

0.45 

100 

Hs.2030 

NM  000361 

THBD 

Thrombomodulin 

-0.03 

-0.04 

-0.04 

-0.01 

0.00 

-0.01 

-0.01 

-0.02 

-0.01 

0.15 

0.38 

101 

Hs.  164226 

NM  003246 

THBS1 

Thrombospondin  1 

0.64 

0.38 

0.51 

0.07 

0.04 

0.06 

-0.01 

-0.01 

-0.01 

0.11 

-0.02 

102 

Hs. 522632 

NM_003254 

TIMP1 

TIMP 

metallopeptidase 
inhibitor  1 

0.65 

0.37 

0.51 

0.62 

0.41 

0.52 

0.45 

0.26 

0.35 

1.01 

0.69 

103 

Hs.241570 

NM_000594 

TNF 

Tumor  necrosis 
factor  (TNF 
superfamily, 
member  2) 

-0.08 

-0.06 

-0.07 

-0.04 

-0.03 

-0.04 

0.00 

-0.02 

-0.01 

0.50 

0.15 

104 

Hs.211600 

NM  006290 

TNFAIP3 

Tumor  necrosis 
factor,  alpha- 
induced  protein  3 

-0.02 

-0.01 

-0.02 

0.02 

-0.01 

0.00 

-0.01 

-0.02 

-0.02 

-0.32 

1.08 

105 

Hs.1 19684 

NM_003841 

TNFRSF10 

C 

Tumor  necrosis 
factor  receptor 
superfamily, 
member  10c,  decoy 
without  an 
intracellular  domain 

0.46 

0.25 

0.35 

0.68 

0.47 

0.58 

0.23 

0.13 

0.18 

1.62 

0.51 

106 

Hs.213467 

NM_003840 

TNFRSF10 

D 

Tumor  necrosis 
factor  receptor 
superfamily, 
member  1 0d,  decoy 
with  truncated 
death  domain 

-0.08 

-0.06 

-0.07 

0.03 

0.00 

0.01 

-0.05 

-0.02 

-0.04 

-0.19 

0.51 

107 

Hs. 81791 

NM_002546 

TNFRSF11B 

Tumor  necrosis 
factor  receptor 
superfamily, 
member  11b 
(osteoprotegerin) 

-0.10 

-0.07 

-0.09 

-0.03 

-0.04 

-0.04 

-0.05 

-0.04 

-0.04 

0.43 

0.52 

108 

Hs.244139 

NM  000043 

FAS 

Fas  (TNF  receptor 
superfamily, 
member  6) 

-0.14 

-0.08 

-0.11 

-0.05 

-0.04 

-0.05 

-0.05 

-0.04 

-0.05 

0.42 

0.44 

109 

Hs.478275 

NM_003810 

TNFSF10 

Tumor  necrosis 
factor  (ligand) 
superfamily, 
member  10 

-0.07 

-0.06 

-0.07 

-0.03 

-0.04 

-0.03 

-0.04 

-0.04 

-0.04 

0.52 

0.58 

110 

Hs.2007 

NM_000639 

FASLG 

Fas  ligand  (TNF 
superfamily, 
member  6) 

-0.08 

-0.06 

-0.07 

-0.03 

-0.03 

-0.03 

-0.01 

-0.03 

-0.02 

0.41 

0.28 

111 

Hs. 109225 

NM_001078 

VCAM1 

Vascular  cell 
adhesion  molecule 

1 

-0.07 

-0.07 

-0.07 

-0.02 

-0.02 

-0.02 

-0.01 

-0.02 

-0.01 

0.28 

0.18 

112 

Hs. 73793 

NM  003376 

VEGFA 

Vascular 

endothelial  growth 
factor 

-0.06 

-0.04 

-0.05 

0.00 

-0.02 

-0.01 

0.00 

-0.01 

0.00 

0.25 

0.02 

113 

Hs.440848 

NM  000552 

VWF 

Von  Willebrand 
factor 

1.03 

1.12 

1.07 

1.08 

1.22 

1.15 

1.14 

1.15 

1.14 

1.07 

1.06 

114 

Hs.250 

NM_000379 

XDH 

Xanthine 

dehydrogenase 

0.99 

0.86 

0.92 

1.07 

1.17 

1.12 

0.93 

0.68 

0.81 

1.21 

0.87 

115 

N/A 

L08752 

PUC18 

PUC18  Plasmid 

DNA 

0.00 

-0.04 

-0.02 

0.04 

0.01 

0.02 

-0.03 

-0.02 

-0.03 

-1.16 

1.27 

116 

Blank 

-0.05 

-0.03 

-0.04 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

0.45 

0.49 

117 

Blank 

0.05 

0.03 

0.04 

0.03 

0.02 

0.02 

0.02 

0.01 

0.02 

0.64 

0.48 

118 

N/A 

SA00005 

AS1R2 

Artificial  Sequence 

1  Related  2  (80% 
identity)(48/60) 

0.06 

0.02 

0.04 

0.06 

0.03 

0.05 

0.06 

0.04 

0.05 

1.10 

1.15 

119 

N/A 

SA00004 

AS1R1 

Artificial  Sequence 

1  Related  1  (90% 
identity)(54/60) 

0.08 

0.02 

0.05 

0.07 

0.04 

0.05 

0.09 

0.04 

0.06 

1.10 

1.35 

120 

N/A 

SA00003 

AS1 

Artificial  Sequence 

1 

0.12 

0.09 

0.11 

0.13 

0.10 

0.12 

0.09 

0.10 

0.09 

1.10 

0.86 

121 

Hs. 544577 

NM  002046 

GAPDH 

Glyceraldehyde-3- 

phosphate 

dehydrogenase 

1.06 

1.18 

1.12 

1.08 

1.22 

1.15 

1.20 

1.30 

1.25 

1.02 

1.11 

122 

Hs. 534255 

NM  004048 

B2M 

Beta -2- 
microglobulin 

0.20 

0.08 

0.14 

0.20 

0.06 

0.13 

0.08 

0.05 

0.07 

0.93 

0.47 

123 

Hs. 509736 

NM  007355 

HSPCB 

Heat  shock  90kDa 
protein  1,  beta 

0.12 

0.03 

0.08 

0.14 

0.06 

0.10 

0.04 

0.02 

0.03 

1.32 

0.37 

124 

Hs. 509736 

NM  007355 

HSPCB 

Heat  shock  90kDa 
protein  1,  beta 

0.16 

0.10 

0.13 

0.20 

0.12 

0.16 

0.09 

0.03 

0.06 

1.27 

0.49 

125 

Hs. 520640 

NM  001101 

ACTB 

Actin,  beta 

1.08 

1.20 

1.14 

1.07 

1.21 

1.14 

1.17 

1.31 

1.24 

1.00 

1.08 

126 

Hs. 520640 

NM  001101 

ACTB 

Actin,  beta 

1.11 

1.22 

1.16 

1.08 

1.15 

1.12 

1.19 

1.32 

1.25 

0.96 

1.08 

127 

N/A 

SA00007 

BAS2C 

Biotinylated 

Artificial  Sequence 

2  Complementary 
sequence 

1.10 

1.19 

1.15 

1.08 

1.18 

1.13 

1.19 

1.28 

1.23 

0.98 

1.07 

128 

N/A 

SA00007 

BAS2C 

Biotinylated 

Artificial  Sequence 

2  Complementary 
sequence 

1.10 

1.23 

1.17 

1.10 

1.20 

1.15 

1.21 

1.34 

1.28 

0.99 

1.09 
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INTRODUCTION 


Rickettsioses  are  arthropod-borne  diseases  caused  by  gram-negative  obligately  intracellular 
bacteria  that  belong  to  the  alpha  subdivision  of  the  proteobacteria.  These  diseases  are  still 
prevalent  in  many  parts  of  the  world  and  include  Rocky  Mountain  spotted  fever  (RMSF,  the 
most  common  rickettsiosis  in  the  US),  epidemic,  and  endemic  typhus  caused  by  Rickettsia 
rickettsii,  R.  prowazekii,  and  R.  typhi,  respectively. 

The  main  target  cell  is  the  microvascular  endothelium,  leading  to  a  disseminated  infection  whose 
most  severe  complications  include  a  vasogenic  cerebral  edema  and  non-cardiogenic  pulmonary 
edema.  These  two  complications  are  assumed  to  be  responsible  for  most  of  the  morbidity  and 
mortality  seen  in  humans.  Immunohistochemical  studies  perfonned  on  human  tissues  and 
animal  models  of  rickettsioses  reveal  the  presence  of  rickettsiae  in  the  microvascular 
endothelium.  The  lungs  show  interstitial  pneumonitis  and  presence  of  proteinaceous  fluid  in  the 
alveolar  spaces.  In  severe  cases,  diffuse  alveolar  damage  occurs.  Studies  from  brain  tissues  show 
rickettsial  organisms  in  the  microvascular  endothelium,  perivascular  inflammation  composed  of 
mononuclear  inflammatory  cells  and  parenchymal  edema.  However,  the  mechanisms  responsible 
for  increased  microvascular  penneability  are  completely  unknown. 

The  pro-inflammatory  cytokines  TNF-a  and  IFN-y  have  been  shown  to  be  important  mediators 
of  antirickettsial  immunity  partly  through  the  induction  of  nitric  oxide  in  rickettsiae-infected 
endothelial  cells(2-3,6-7,12).  Depletion  of  these  two  cytokines  results  in  a  fatal  overwhelming 
infection  due  to  uncontrolled  rickettsial  proliferation.  Likewise  the  importance  of  CD8+  T- 
lymphocytes  in  vivo  in  clearing  rickettsial  infections  has  been  well  documented(lO).  Mice 


depleted  of  CD8+  T-lymphocytes  experience  a  fatal,  overwhelming  infection  when  infected  with 
sub-lethal  doses  of  R.  conorii.  Taken  together  these  results  demonstrate  the  importance  of  a  host 
inflammatory  response  in  clearing  infection.  However,  what  has  not  been  taken  in  to  account  is 
the  relative  influence  of  the  host  immune  response  on  the  endothelial  dysregulation  experienced 
during  acute  rickettsioses. 

Proper  endothelial  barrier  function  is  regulated  by  a  series  of  protein  complexes  that  exist  at  the 
intracellular  borders  between  cells.  In  the  brain,  tight-  and  adherens-junctions  form  the 
molecular  barrier  that  regulates  the  flow  of  solutes  from  the  blood  in  to  the  parenchyma.  Two 
proteins  of  particular  importance  are  pl20-catenin  (pl20)  and  P-catenin.  These  two  proteins 
serve  to  regulate  the  functional  interaction  of  VE-cadherin  with  the  actin  cytoskeleton  thereby 
establishing  a  molecular  fence  at  cell  junctions.  The  ubiquitous  expression  of  these  two  proteins 
makes  them  an  attractive  target  for  the  study  of  the  functional  alterations  that  may  occur  during 
rickettsial  infection. 

The  present  study  was  conducted  with  the  purpose  of  creating  an  in  vitro  model  to  study 
mechanisms  of  permeability  across  rickettsiae-infected  microvascular  endothelial  cells  derived 
from  the  human  brain.  Here,  we  report  the  effects  of  R.  rickettsii  and  three  important  cytokines 
(TNF-a,  IFN-y,  IL-ip)  on  the  permeability  of  human  brain  microvascular  endothelial  cell 
monolayers.  We  were  able  to  demonstrate  that:  1)  increases  in  permeability  (decreased 
transendothelial  resistance  or  TER)  across  the  endothelial  monolayers  were  directly  proportional 
to  the  rickettsial  inoculum  2)  the  addition  of  specific  cytokines,  either  in  combination  or  alone, 
can  cause  a  synergistic  increase  in  penneability  when  administered  with  rickettsiae  and  3)  the 


SV-HCEC  cell  line  produces  anti -rickettsial  nitric  oxide  in  response  to  the  inflammatory  stimuli 
responsible  for  increased  microvascular  permeability. 


MATERIALS  AND  METHODS 
Rickettsial  stocks  and  cell  lines 

Rickettsia  rickettsii  (Sheila  Smith  strain)  was  originally  obtained  from  Dr.  David  Walker  and  was 
passaged  in  our  lab  one  time  in  fertilized  chicken  eggs.  10%  yolk-sac  stocks  of  R.  rickettsii  were 
propagated  through  two  passages  in  Vero  cell  monolayers,  grown  in  DMEM  (Gibco  1 1965-092) 
+  10%  Bovine  Calf  Serum  (Hyclone)  at  34°C  and  purified  by  Renografin  density  gradient 
centrifugation.  Purified  stocks  were  frozen  in  SPG  (sucrose-phosphate-glutamate)  buffer  at  - 
80°C.  Rickettsial  titers  of  the  frozen  stock  were  detennined  by  plaque  assay  on  Vero  cells. 
Immortalized  human  cerebral  endothelial  cells  (SV-HCEC)  were  a  kind  gift  from  Drs.  Som 
Dasgupta  and  Robert  Yu  (Medical  College  of  Georgia)(l).  This  cell  line  was  maintained  in 
Ml 99  medium  (GIBCO)  supplemented  with  10%  heat-inactivated  fetal  calf  serum,  insulin 
transferrin-selenium  (ITS-G,  GIBCO  41400-045),  and  100  ug/ml  heparin  (Sigma  H1027). 
Endothelial  cells  were  grown  on  rat-tail  collagen  I-coated  plates  and  used  between  passage  15- 
25. 

Measurements  of  transendothelial  resistance 

ECIS  system  (Model  1600R)  and  electrode  arrays  (8W10E)  were  supplied  by  Applied 
Biophysics  (Troy,  NY).  For  all  experiments  an  amplitude  of  1 .0  volt  was  used  at  a  frequency  of 
4000  Hz.  Electrode  arrays  were  coated  with  collagen  type  I  (Upstate,  Lake  Placid,  NY)  and 
seeded  with  approximately  5  x  104  cells/well.  The  electrode  arrays  were  then  connected  to  the 
detection  system  and  resistance  was  monitored  until  stabilization  of  the  resistance  values  was 


observed  for  at  least  24  hours.  The  endothelial  cell  monolayers  were  then  used  for  the  different 
experiments  described  below.  Resistance  measurements  were  taken  every  two  minutes  and  each 
measurement  represents  the  average  resistance  of  ten  electrodes  per  well.  Each  experiment 
consisted  of  three  wells  per  sample  and  each  experiment  was  performed  three  times.  The  values 
are  expressed  as  the  average  normalized  resistance  and  standard  deviation  was  determined  every 
6  hours. 

Rickettsial  infection  of  endothelial  monolayers  for  ECIS 

Endothelial  monolayers  were  overlayed  with  the  designated  MOI  of  R.  rickettsii  in  Ml 99  +  1% 
FBS  and  the  electrode  arrays  were  then  connected  to  the  ECIS  detection  system.  Negative 
control  cells  were  treated  with  SPG  buffer  which  had  been  used  to  resuspend  the  rcnografin 
purified  rickettsiae. 

Determination  of  cell  death  in  cell  monolayers 

In  order  to  ascertain  the  role  of  cell  death  in  increased  penneability  across  the  endothelial 
monolayers  death  curves  were  perfonned.  SV-HCEC  monolayers  were  grown  to  confluence  in 
35mm  plastic  Petri  dishes  and  infected  with  1  MOI  of  R.  rickettsii.  At  24,  48  and  72  hours,  the 
supernatants  were  aspirated  and  the  monolayers  were  stained  using  the  Live-Dead  Viability  Stain 
(Molecular  Probes,  Eugene,  OR).  Images  from  at  least  three  high  power  fields  were  obtained 
using  an  FV-1000  Confocal  Microscope  and  a  lOx  objective.  Propidium  iodide  (PI)  uptake  by 
cells  was  used  to  calculate  the  percent  of  cells  that  were  undergoing  cell  death.  Quantification  of 
cell  death  was  perfonned  by  determining  the  PI  positive  pixels  per  live  cell  stain  pixel.  Data  is 
expressed  as  average  PI  pixels  per  total  pixels. 


Response  of  endothelial  monolayers  to  cytokines 

SV-HCEC  monolayers  were  treated  with  the  recombinant  human  cytokines  TNF-a,  IFN-y, 
and/or  IL-ip  diluted  in  M199  +  1%  FBS.  Evaluation  of  permeability  of  rickettsiae-infected 
monolayers  in  the  presence  of  cytokines  was  done  by  infecting  cell  monolayers  with  10  MOI  and 
the  addition  of  the  above  mentioned  cytokines.  All  experiments  were  stopped  at  72  hours  post¬ 
infection. 

Nitrite  Measurement 

Nitrite  was  measured  with  the  Greiss  Assay  as  described  previously(l  1).  Briefly,  lOOul  of 
filtered  cell-culture  supernatant  was  mixed  with  an  equal  volume  of  1%  sulfanilamide,  0.1% 
napthylethylenediamine  in  2.5%  phosphoric  acid.  A  standard  curve  was  generated  using  a  nitrite 
standard  from  100uM-0.78uM  (Fluka). 

Statistical  analysis:  Sigma  Stat  v.2.03  was  used  for  statistical  analysis  of  the  results. 
Differences  in  permeability  and  cell  death  rates  between  cell  monolayers  were  analyzed  by 
performing  t-tests  or  Mann- Whitney  Rank  Sum  Test  if  indicated. 


RESULTS 


Effects  of  rickettsiae  on  SV-HCEC  monolayers 

Confluent  SV-HCEC  cells  infected  with  R.  rickettsii  exhibited  a  dose-dependent  increase  in 
endothelial  permeability  reflected  as  a  decrease  in  resistance  (Figures  la  and  lb).  Resistance 
declined  steadily  over  time  after  rickettsiae  were  internalized.  At  24  hours,  increases  in 
penneability  ranged  from  12%  at  1  MOI  to  25%  at  50  MOI.  At  48  hours  post-infection, 
monolayers  infected  with  1  MOI  showed  a  25%  increase  in  permeability.  During  the  first  24  to 
48  hours  increases  in  penneability  were  more  pronounced  in  monolayers  infected  with  20  and  50 
MOI  as  opposed  to  1,  5  and  10  MOI. 

Cell  death  rates  in  rickettsiae-infected  SV-HCEC  monolayers 

Viability  staining  of  rickettsiae-infected  cells  revealed  that  the  initial  loss  in  resistance  in 
response  to  rickettsial  infection  is  not  dependent  on  cell  death.  Propidium  iodide  staining 
revealed  that  by  24  hours  there  was  no  significant  difference  in  the  number  of  Pi-positive  pixels 
(Figure  2)  despite  a  significant  decrease  in  resistance  at  the  same  time  point.  The  48  hour  time 
point  revealed  a  slightly  higher  PI  positive  pixel  intensity  compared  to  controls.  By  72  hours  the 
number  of  PI  pixel  intensity  actually  decreased,  most  likely  due  to  release  of  the  dead  or  dying 
cells  from  the  culture  dish. 

Effects  of  IL-ip  and  TNF-a  on  non-infected  SV-HCEC  monolayers 

The  effects  of  IL-ip  on  SV-HCEC  monolayers  were  broad  and  although  clearly  caused  a  loss  of 
resistance,  did  not  behave  in  a  truly  linear  fashion.  At  all  concentrations  of  IF- 1 P,  a  rapid  decline 
was  observed  at  10  hours  resulting  in  roughly  a  20%  loss  of  resistance  compared  to  untreated 
controls  (Figure  3a  and  3b).  A  low  dose  of  0.1  ng/ml  demonstrated  a  steady  recovery  from  the 


initial  loss  reaching  normal  levels  by  72  hours.  However,  monolayers  treated  with  higher  doses 
showed  a  steady  increase  in  penneability  which  reached  values  between  30-50%  at 
concentrations  of  1  ng/ml  to  1,000  ng/ml,  respectively  by  72  hours. 

The  effects  of  TNF-a  on  non-infected  SV-HCEC  monolayers  were  more  dramatic  and  behaved 
in  a  dose-dependent  manner  (Figure  3c  and  3d).  Low  doses  of  TNF-a  (0.1  and  lng/ml)  showed 
no  significant  loss  of  resistance  compared  to  controls.  Higher  doses  showed  a  steady  increase  in 
penneability  over  the  72  hour  time  course  with  the  highest  doses  having  the  greatest  effect.  The 
highest  dose,  1000  ng/ml,  demonstrated  to  be  rapidly  cytotoxic  and  was  excluded  from  future 
experiments  with  rickettsiae. 

Effects  of  IL-ip  and  TNF-a  on  rickettsia-infected  SV-HCEC  monolayers 

IL-ip  did  not  appear  to  demonstrate  any  additional  impact  on  resistance  compared  to  rickettsiae 
alone  (Figure  4a).  There  was  no  significant  difference  in  resistance  between  normally  infected 
cells  and  those  treated  with  additional  IL-ip  until  72  hours  after  infection  and  stimulation.  At 
this  time  the  lower  doses  of  cytokines  actually  appeared  to  have  a  greater  impact  on  resistance 
than  the  higher  doses. 

The  addition  of  TNF-a  to  rickettsiae-infected  cells  appeared  to  produce  a  synergistic  decrease  in 
resistance  at  10  or  lOOng/ml  as  early  as  24  hours  after  stimulation  (Figure  4b).  The  average  drop 
in  resistance  in  infected  cells  stimulated  with  lOOng/ml  of  TNF-a  was  greater  than  either 
normally  infected  cells  or  uninfected  cells  treated  with  the  same  dose  of  cytokine.  This  highest 


dose  was  also  the  only  dose  to  demonstrate  a  sustained  decrease  in  resistance  below  that  of 
normally  infected  cells. 


Effect  of  cytokine  combinations  on  rickettsiae-infected  SV-HCEC  monolayers 

The  addition  of  TNF-a,  IL-ip  and  IFN-y  in  combinations  at  a  dose  of  O.lng/ml  had  no  additional 
impact  on  resistance  compared  to  rickettsiae  alone  (Figure  5).  However,  the  addition  of  these 
cytokines  at  lng/ml  each  began  to  have  a  more  noticeable  effect.  The  addition  of  all  three 
cytokines  at  one  time  produced  the  greatest  loss  of  resistance  and  was  significantly  greater  than 
rickettsiae  alone.  We  also  observed  that  TNF-a  and  IFN-y  in  combination  was  sufficient  to 
produce  an  increased  loss  of  resistance.  However,  the  combination  of  IL-ip  and  IFN-y  at  lng/ml 
did  not  significantly  affect  the  resistance  compared  to  rickettsiae-infected  cell  alone. 

Effect  of  cytokine  stimulation  on  nitric  oxide  production 

SV-HCEC  infected  with  R.  rickettsii  and  stimulated  with  lOng/ml  of  TNF-a,  IL-ip,  and  IFN-y 
produced  high  levels  of  nitric  oxide  (NO)  as  measured  by  nitrite  in  the  supernatant  (Figure  6). 

We  also  observed  that  R.  rickettsii  infection  alone  was  sufficient  to  induce  NO  production 
although  the  addition  of  the  cytokines  produced  a  more  robust  response.  The  closely  related 
organism,  R.  conorii,  did  not  produce  this  same  effect  as  we  saw  that  R.  conorii  infection  alone 
was  not  sufficient  to  produce  significant  levels  of  NO. 


DISCUSSION 


The  role  of  the  host  immune  response  in  the  disease  pathogenesis  of  acute  rickettsioses  is  a 
phenomenon  that  has  not  been  extensively  studied.  Clearly,  an  effective  immune  response  is 
critical  to  the  effective  clearance  of  rickettsial  organisms  from  the  vasculature.  If  the  organisms 
are  allowed  to  persist,  they  will  eventually  overtake  the  host  resulting  in  severe  clinical 
manifestations  such  as  cerebral  and  pulmonary  edema,  eventually  leading  to  hypovolemic  shock 
and  death.  This  fact  is  further  emphasized  by  the  available  clinical  data  demonstrating  the 
effectiveness  of  certain  antibiotics  at  reversing  the  course  of  disease  when  administered  early. 

The  immune  system  has  also  developed  elaborate  defense  mechanisms  to  ward  off  intracellular 
pathogens,  in  particular  inducible  Nitric  Oxide  Synthase  (iNOS).  The  iNOS  enzyme  is 
transcriptionally  upregulated  in  response  to  TNF-a  and  IFN-y  in  murine  endothelial  cells 
resulting  in  a  decrease  in  the  number  viable  rickettsiae.  This  was  further  demonstrated  in  human 
endothelial  cells  and  hepatocytes  although  the  necessary  stimulus  included  RANTES  and  IL-1{3 
in  addition  to  TNF-a  and  IFN-y(4).  Likewise,  depletion  of  TNF-a  and  IFN-y  in  mice  infected 
with  R.  conorii  demonstrate  an  increased  proliferation  of  rickettsiae  and  are  no  longer  able  to 
control  a  sub-lethal  infection. 

We  have  demonstrated  the  ability  of  an  immortalized  human  endothelial  cell  line  to  produce 
nitric  oxide  in  response  to  inflammatory  stimuli.  More  importantly  we  have  demonstrated  that 
these  inflammatory  stimuli,  namely  TNF-a,  IFN-y  and  IL-ip  dramatically  influence  the  ability  of 
endothelial  monolayers  to  operate  as  a  functional  microvascular  barrier.  The  presence  of  R. 
rickettsii  appeared  to  exaggerate  those  effects  while  rickettsia  itself  was  capable  of  producing 
high  levels  of  nitric  oxide  relatively  early  after  infection.  The  functional  significance  of  this 


observation  is  an  area  of  current  investigation.  Previous  work  by  our  lab  demonstrated  that  low 
levels  of  nitric  oxide  introduced  to  R.  conorii— infected  human  microvascular  endothelial  cells 
through  the  addition  of  NO-donors  was  not  only  capable  of  limiting  the  number  of  intracellular 
rickettsiae,  but  had  no  effect  on  the  integrity  of  the  endothelial  barrier.  However,  higher  doses  of 
NO-donors  did  eventually  negatively  affect  the  cell  monolayer  resulting  in  a  slow  loss  of 
resistance  over  4-5  days  after  infection  and  stimulation(13). 

Whether  NO  directly  plays  a  role  in  influencing  intracellular  borders  may  be  inconsequential 
when  compared  to  the  cumulative  affects  of  cytokine  stimulation,  as  demonstrated  in  this  work. 
However,  NO  has  been  implicated  as  a  mediator  of  increased  microvascular  penneability  in 
response  to  such  stimuli  as  VEGF  signaling,  as  well  as  in  several  in  vivo  conditions  including 
brain  trauma(5,8-9).  Interestingly,  VEGF-mediated  NO  production  is  not  regulated  by  the 
inducible  NOS  enzyme  (iNOS),  but  rather  by  the  calmodulin-activated  constitutively  expressed 
endothelial  NOS  isoform  (eNOS).  The  observation  that  R.  rickettsii  alone  is  sufficient  to  induce 
high  levels  of  nitrite  in  the  supernatant  suggests  a  mechanism  of  eNOS  activation.  The 
importance  of  this  potential  activation  in  rickettsial  pathogenesis  is  unknown.  This  is  especially 
interesting  considering  the  dramatic  difference  observed  between  R.  conorii  and  R.  rickettsii,  two 
closely  related  spotted  fever  group  rickettsiaes.  R.  conorii,  the  etiological  agent  of 
Mediterranean  spotted  fever,  has  been  utilized  in  mice  as  a  model  of  human  Rocky  Mountain 
spotted  fever,  caused  by  R.  rickettsii.  RMSF  is  a  very  severe  disease  with  a  mortality  rate 
approaching  30%  in  the  absence  of  antibiotic  treatment.  Mediterranean  spotted  fever,  however, 
typically  only  reaches  about  a  2.5%  mortality  rate.  The  reasons  for  this  increased  virulence  are 


not  known  at  this  time  and  may  potentially  be  dependent  on  differential  host  responses  to  the 
organisms. 
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Nitric  Oxide  as  a  Mediator  of  Increased 
Microvascular  Permeability  during  Acute 
Rickettsioses 
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Abstract:  Rickettsiae  primarily  infect  the  microvascular  endothelium,  lead¬ 
ing  to  changes  in  microvascular  permeability  that  result  in  potentially  severe 
pulmonary  and  cerebral  edema.  The  mechanisms  responsible  for  these  changes 
are  not  well  understood.  One  potential  mechanism  of  increased  vascular  per¬ 
meability  is  the  anti-rickettsial  nitric  oxide  response  described  by  Walker  and 
colleagues.  We  hypothesized  that  anti-rickettsial  levels  of  nitric  oxide  adversely 
affects  microvascular  permeability  in  vitro.  To  this  end  we  sought  to  describe 
the  effects  of  exogenous  nitric  oxide  on  the  proliferation  of  intracellular  rick- 
ettsiae  while  monitoring  the  transendothelial  electrical  resistance  as  a  measure 
of  endothelial  barrier  integrity.  It  was  determined  that  the  addition  of  the  NO- 
donor  DETA  NONOate  at  certain  levels  results  in  a  dose-dependent  change  in 
electrical  resistance  across  the  monolayer  while  effectively  limiting  the  number 
of  intracellular  rickettsiae  in  human  microvascular  endothelial  cells.  The  data 
presented  support  the  idea  that  nitric  oxide  produced  by  infected  endothelial 
cells  may  be  contributing  to  the  changes  in  vascular  permeability  that  occur 
during  acute  rickettsioses.  Future  experiments  aim  to  elaborate  on  these  re¬ 
sults  in  a  model  that  more  clearly  depicts  the  in  vivo  response  as  well  as  to  de¬ 
scribe  the  changes  that  occur  with  respect  to  interendothelial  junctions. 

Keywords:  Rickettsiae;  nitric  oxide;  vascular  permeability;  transendothelial 
resistance;  ECIS 


INTRODUCTION 

Rickettsial  diseases  represent  some  of  the  most  severe  bacterial  infections  known 
to  man  including  epidemic  typhus  and  Rocky  Mountain  spotted  fever.  These  diseas¬ 
es,  caused  by  Rickettsia  prowazekii  and  Rickettsia  rickettsii,  respectively,  are  the  re¬ 
sult  of  their  widespread  involvement  of  the  endothelial  cells  lining  the 
microvasculature  throughout  the  body.  In  severe  cases,  non-cardiogenic  pulmonary 
edema  and  cerebral  edema  are  the  most  feared  complications  as  a  result  of  interstitial 
pneumonitis  and  meningoencephalitis.1  Changes  in  microvascular  permeability 


Address  for  correspondence:  Juan  P.  Olano,  Department  of  Pathology,  University  of  Texas 
Medical  Branch.  301  University,  Galveston,  Texas  77555-0609,  USA.  Voice:  (409)  772-2870; 
fax  (409)  747-2400. 
jpolano@utmb.edu 

Ann.  N.Y.  Acad.  Sci.  1063:  239-245  (2005).  ©  2005  New  York  Academy  of  Sciences, 
doi:  10.1196/annals.  1355.037 


239 


240 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


have  been  described  during  rickettsiosis  in  a  mouse  model  of  infection,  but  these 
studies  are  very  limited  and  do  not  provide  an  explanation  for  rickettsiae-induced 
permeability.2 

A  topic  of  intense  investigation  has  been  mechanisms  of  immunity  to  rickettsiae. 
Specifically,  it  has  been  shown  that  endothelial  cells  are  capable  of  controlling  rick¬ 
ettsiae  through  a  nitric  oxide-dependent  mechanism.  This  response,  a  result  of  in¬ 
ducible  nitric  oxide  synthase  (iNOS)  upregulation,  is  itself  dependent  on  cytokine 
stimulation  of  the  endothelium  by  certain  pro-inflammatory  cytokines,  namely  TNF- 
a,  IFN-y,  IL- 1  (3,  and  R ANTES.2'4  The  antibacterial  properties  of  nitric  oxide  (NO) 
have  been  well  described,  as  has  the  critical  role  of  NO  as  a  mediator  of  vascular 
tone,  platelet  coagulation,  and  endothelial  cell  function.5-9  The  apparent  conundrum 
presented  by  this  set  of  facts  presents  us  with  an  opportunity  to  better  understand  the 
pathogenesis  of  rickettsial  diseases  as  well  as  the  role  of  the  host  immune  response 
in  the  pathogenesis  of  the  acute  rickettsioses. 

We  sought  to  better  understand  the  effects  of  nitric  oxide  on  rickettsiae-infected 
endothelial  cells  and  how  these  effects  in  turn  affect  the  integrity  of  an  endothelial 
monolayer.  We  hypothesized  that  anti-rickettsial  levels  of  nitric  oxide  are  sufficient 
to  negatively  affect  the  integrity  of  an  endothelial  monolayer  in  vitro.  To  this  end,  we 
monitored  transendothelial  electrical  resistance  after  the  addition  of  a  nitric  oxide 
donor  to  confluent,  rickettsiae-infected  human  microvascular  endothelial  cells.  We 
also  examined  the  ability  of  the  NO  donor  DETA  NONOate  to  control  proliferation 
of  intracellular  rickettsiae  using  real-time  PCR. 


MATERIALS  AND  METHODS 
Reagents 

MCDB  131  was  purchased  from  Gibco  (Carlsbad,  CA).  Fetal  calf  serum  (FCS) 
was  purchased  from  Hyclone  (Logan,  UT).  Epidermal  growth  factor  was  purchased 
from  Chemicon  (Temecula,  CA)  Heparin,  sulfanilamide,  and  naphthylethylenedi- 
amine  were  purchased  from  Sigma  (St.  Louis,  MO).  DETA  NONOate  was  purchased 
from  Cayman  Chemicals  (Ann  Arbor,  MI).  iQ  SYBR  Green  Supermix  was  obtained 
from  BioRad  (Hercules,  CA). 


Cell  Culture 

The  human  microvascular  endothelial  cell  line,  HMEC-1  (courtesy  of 
Mr.  Francisco  Candal,  CDC,  Atlanta,  GA),  was  cultured  in  MCDB  131  +  10%  FCS 
+  100  pg/mL  heparin  +  10  ng/mL  EGF  in  5%  C02  at  37°C.  All  experiments  were 
performed  between  passages  20-25,  and  cells  were  fed  with  MCDB131  +  1%  FCS. 

Rickettsiae 

Rickettsiae  conorii  (Malish  7)  strain  was  kindly  obtained  from  Drs.  David  Walker 
and  Hui-Min  Feng.  A  10%  yolk  sac  suspension  was  cultured  in  Vero  cells  (ATCC, 
Manassas,  VA)  twice  and  purified  using  renografin  density  gradient  centrifugation. 
Rickettsiae  were  frozen  at  -80°C  in  sucrose-phosphate-glutamate  buffer  and  their  ti¬ 
ter  was  determined  by  plaque  assay  on  Vero  cells. 
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Electric  Cell-Substrate  Impedance  Sensing 

HMEC-1  were  cultured  on  8W10E  gold-coated  electrodes  connected  to  the 
1600R  ECIS  System  (Applied  Biophysics,  Troy,  NY).  The  cells  were  cultured  until 
a  steady  level  of  resistance  was  reached.  The  cells  were  then  infected  with  10  MOI 
of  R.  conorii  (Malish  7)  and  treated  with  the  nitric  oxide  donor  DETA  NONOate  at 
0,  100,  and  500  pM.  The  cells  were  monitored  for  120  h  with  electrical  resistance 
measurements  being  taken  every  2  minutes.  Experiments  were  performed  in  sets  of 
four  and  standard  deviation  was  determined  at  6-h  time  points  and  plotted  as  a  mea¬ 
sure  of  statistical  difference. 


Real-Time  PCR 

HMEC-1  were  cultured  in  a  24-well  plate  until  confluent.  The  cells  were  then  in¬ 
fected  with  10  MOI  of  R.  conorii  and  administered  DETA  NONOate  at  0,  100,  and 
500  pM.  At  24-h  time  points  the  monolayer  was  washed  with  warm  phosphate  buff¬ 
ered  saline  and  DNA  was  extracted  using  the  Qiagen  DNeasy  Tissue  Kit  (Valencia, 
CA).  Relative  gene  copy  numbers  were  determined  for  the  rickettsial  citrate  synthase 
gene,  gltA,  and  the  human  gene  for  glyceraldehyde  phosphate  dehydrogenase, 
gapdh.  The  primers  for  gltA  were  as  follows:  forward  primer  CS-5 
(GAGAGAAATTATATCCAAATGTTGAT)  and  reverse  primer  CS-6 
(AGGGTCTTCGTGCATTTCTT).10  The  primers  for  h gapdh  were  as  follows:  for¬ 
ward  primer  hGAPDH-145(S)  (CAATGACCCCTTCATTGACC)  and  reverse  prim¬ 
er  hGAPDH-250(AS)  (GACAAGCTTCCCGTTCTCAG).  iQ  SYBR  Green 
Supermix  was  utilized  at  the  appropriate  concentration  with  primers  at  200  nM.  One 
microliter  of  DNA  from  each  sample  was  added  to  24  microliters  of  Supermix  cock¬ 
tail.  Real-time  PCR  was  performed  on  an  iCycler  iQ  Real-Time  PCR  Detection  Sys¬ 
tem  using  the  following  protocol:  2  min  at  95°C  followed  by  40  cycles  of  95°C  for 
15  seconds,  50°C  for  30  seconds  and  60°C  for  30  seconds,  relative  copy  numbers  of 
gltA  were  determined  by  the  AA  method. 1 1 

Nitrite  Determination 

Nitrite  levels  were  determined  using  the  Greiss  assay  as  previously  described.3 


RESULTS 

Effect  of  Exogenous  Nitric  Oxide  on  Endothelial  Permeability 

HMEC-1  cells,  cultured  on  8W10E  gold-coated  electrodes,  were  infected  with  R. 
conorii  at  an  MOI  of  10  and  demonstrated  a  level  of  integrity  consistent  with  con¬ 
trols  for  the  first  3  days  of  infection.  After  72  h  we  saw  a  statistically  significant  drop 
in  resistance  as  compared  to  uninfected  controls.  Conversely  and  perhaps  most  sur¬ 
prisingly.  when  the  endothelial  cells  were  infected  with  R.  conorii  and  also  treated 
with  the  nitric  oxide  donor  DETA  NONOate  at  100  pM  we  saw  no  statistically  sig¬ 
nificant  drop  in  electrical  resistance  over  the  course  of  the  5-day  experiment  as  com¬ 
pared  to  uninfected  controls.  Future  experiments  are  needed  to  determine  if  this 
trend  would  continue  past  5  days.  Finally,  administration  of  DETA  NONOate  at 
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FIGURE  1.  Exogenous  nitric  oxide  influences  the  integrity  of  endothelial  monolayers 
infected  with  R.  conorii.  Addition  of  the  NO  donor  DETA  NONOate  at  100  pM  extended 
the  life  span  of  the  infected  monolayers  for  at  least  two  more  days.  Conversely  when  admin¬ 
istered  at  500  pM  we  saw  a  marked  increase  in  electrical  resistance  within  the  first  24  h  fol¬ 
lowed  by  a  slow  and  steady  decrease  in  resistance,  indicating  an  increase  in  microvascular 
permeability.  R.  conorii- infected,  non-NO-stimulated  endothelial  cells  maintained  their 
level  of  resistance  for  the  first  3  days  of  infection  at  which  time  they  began  to  undergo  cell 
death  and  subsequent  loss  of  monolayer  integrity. 


500  pM  demonstrated  a  profound  effect  on  the  integrity  of  the  endothelial  monolay¬ 
er.  We  saw  a  significant  increase  in  resistance  during  the  first  24  h  of  infection  and 
stimulation  followed  by  a  slow  and  steady  decline  in  endothelial  integrity  as  deter¬ 
mined  by  a  drop  in  resistance  (Fig.  1).  Taken  together  these  findings  support  the  hy¬ 
pothesis  that  nitric  oxide  can  affect  the  integrity  of  rickettsiae-infected  endothelial 
monolayers. 

Effect  of  Exogenous  Nitric  Oxide  on  Rickettsial  Gene  Copy  Number 

HMEC-1  were  cultured  in  24-well  plates  and  DNA  was  extracted  at  24,  48,  and 
72  h  of  infection  and/or  stimulation  with  DETA  NONOate.  Rickettsial  gene  copy 
numbers  were  normalized  to  human  gapdh  and  copy  numbers  of  rickettsiae  between 
samples  were  compared  using  the  AA  method.  We  saw  no  significant  change  in  the 
numbers  of  rickettsiae  between  cells  stimulated  with  and  without  DETA  NONOate 
for  the  first  48  hours.  However  after  72  h  we  saw  nearly  23  times  as  many  rickettsiae 
in  those  cells  not  stimulated  with  nitric  oxide  as  compared  to  those  treated  at  either 
100  or  500  |iM  (Table  1).  Intriguingly  we  saw  no  significant  difference  between  the 
ability  of  either  dose  of  DETA  NONOate  to  control  rickettsiae  as  compared  to  the 
other. 
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TABLE  1.  Exogenous  nitric  oxide  limits  the  proliferation  of  intracellular  R.  conorii 


R.  conorii/R.  conorii  +  DETA 
NONOate  (100  pM) 

R.  conorii/R.  conorii  +  DETA 
NONOate  (500  pM) 

24  h 

1.76±0.98  x 

1.15  +  0.17  x 

48  h 

3.34±  1.99  x 

2.00+0.90  x 

72  h 

23.5  +  8.99  x 

23.45  +  10.54  x 

The  effect  is  not  noticed  until  3  days  after  infection  when  there  were  significantly  fewer  rick- 
ettsiae  as  measured  by  real-time  PCR  for  the  rickettsial  citrate  synthase  gene,  gltA.  Relative  gene 
copy  number  was  normalized  to  h gapdh  and  compared  using  the  AA  method.  Data  indicate  fold 
change  in  relative  copy  numbers  compared  to  untreated,  infected  cells. 


Nitrite  Concentration  in  Presence  of  Donor 

40 


FIGURE  2.  Introduction  of  the  NO  donor  DETA  NONOate  releases  nitric  oxide  into 
the  environment  that  is  subsequently  converted  to  nitrite.  Nitrite  was  detected  within  24  h  of 
addition  of  the  donor  molecule  and  remained  at  high  levels. 


Confirmation  of  the  Presence  of  Nitric  Oxide  By-Products 
in  Cell  Culture  Supernatants 

To  confirm  that  we  have  introduced  NO  into  the  system  we  tested  the  cell  culture 
supernatants  using  the  Greiss  reaction.  We  were  able  to  detect  high  levels  of  nitrite, 
a  by-product  of  NO  metabolism,  at  24  h  after  addition  of  DETA  NONOate.  The  lev¬ 
els  maintained  themselves  through  at  least  the  next  day  of  the  experiment  (Fig.  2). 


244 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


DISCUSSION 

The  mechanisms  leading  to  increased  microvascular  permeability  during  rickett¬ 
sial  infection  have  not  been  extensively  studied.  There  is  considerable  evidence  sup¬ 
porting  the  role  of  reactive  oxygen  species  (ROS)  as  a  mechanism  of  cell  damage  in 
response  to  rickettsiae  infection.  Work  by  our  lab  suggests  that  the  presence  of  ROS 
may  have  little  effect  on  rickettsiae-induced  changes  in  tight  junction  or  adherens 
junction  assembly.  Instead,  the  accumulation  of  ROS  may  eventually  lead  to  cell 
death  resulting  in  changes  in  permeability  at  late  stages  of  infection.  To  more  accu¬ 
rately  reflect  the  changes  that  take  place  in  an  in  vivo  environment  we  have  decided 
to  pursue  a  mechanism  shown  to  be  an  important  anti-rickettsial  response  and  that 
supports  the  idea  that  increased  microvascular  permeability  induced  by  rickettsiae  is 
in  part  due  to  an  immunopathological  mechanism.  Nitric  oxide  is  a  well  known  reg¬ 
ulator  of  vascular  tone,  vascular  remodeling,  and  interendothelial  junction  assembly. 
Previous  work  has  also  shown  that  both  mouse  and  human  endothelial  cells  are  able 
to  mount  an  effective  anti-rickettsial  response  when  stimulated  by  certain  pro-in¬ 
flammatory  cytokines.  How  does  this  response  occur  in  an  animal  and  what  effect 
will  that  have  on  the  function  of  the  micro  vasculature? 

By  introducing  NO  into  this  system  of  rickettsiae-infected  microvascular  endot¬ 
helial  cells  we  have  been  able  to  expand  on  the  role  of  NO  itself  as  not  only  an  anti¬ 
bacterial  effector  molecule,  but  also  as  a  potent  regulator  of  vascular  permeability. 
These  studies  have  revealed  that  NO  is  very  effective  at  limiting  the  number  of  in¬ 
tracellular  rickettsiae.  The  mechanism  of  this  inhibition  however  is  not  well  under¬ 
stood  at  this  time.  Likewise  we  have  shown  that  certain  lower  levels  of  NO  donors 
can  effectively  extend  the  life  span  of  endothelial  monolayers  and  has  relatively  little 
effect  on  the  barrier  function  of  the  monolayer.  Conversely,  higher  levels  of  the  NO 
donor  produce  dramatic  changes  in  the  integrity  of  the  monolayer  by  first  stabilizing 
the  monolayer  and  then  causing  a  slow  and  steady  loss  of  barrier  function.  Without 
knowing  the  degree  of  NO  release  in  infected  endothelial  cells  in  vivo  at  this  time  we 
are  unable  to  make  conclusions  about  the  definite  role  of  NO  as  a  mechanism  leading 
to  increased  microvascular  permeability.  The  data  presented  do  at  least  acknowledge 
the  possibility  that  this  might  be  the  case.  However,  it  also  supports  the  notion  that 
NO  may  purely  be  a  defense  mechanism  and  that  there  are  other  stimuli  responsible 
for  the  loss  of  barrier  properties.  As  stated  previously,  a  true  NO  response  by  way  of 
the  iNOS  enzyme  is  dependent  on  cytokine  stimulation  of  the  endothelium.  It  is  like¬ 
ly  that  cytokine  stimulation  of  the  endothelium  would  cause  changes  in  vascular  per¬ 
meability  independent  of  NO  production  and  would  present  a  challenge  in 
interpreting  results  in  a  system  this  complex,  as  suggested  by  preliminary  data  from 
our  laboratory  (J.R  Olano,  personal  communication).  We  expect  future  experiments 
using  primary  mouse  brain  endothelial  cells  to  better  describe  the  true  importance  of 
NO  as  not  only  an  anti-rickettsial  defense  mechanism  but  also  as  a  contributor  to  dis¬ 
ease  pathogenesis.  In  particular,  we  are  interested  in  the  effects  of  NO  on  the  tight 
junctions  that  are  distributed  ubiquitously  throughout  the  brain. 
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Abstract:  Rickettsiae  are  obligate  intracellular  a-proteobacteria  that  prima¬ 
rily  target  the  microvascular  endothelium.  In  the  last  two  decades,  new  rickett¬ 
sial  pathogens  have  been  associated  with  human  illness  around  the  world. 
Clinically,  the  common  denominator  in  all  rickettsioses  is  the  development  of 
increased  microvascular  permeability,  leading  to  cerebral  and  non-cardiogenic 
pulmonary  edema.  With  the  development  of  powerful  research  tools,  advances 
in  the  understanding  of  rickettsial  pathogenesis  have  been  dramatic.  Entry  into 
the  host  cell  is  followed  by  rapid  escape  into  the  cytoplasm  to  avoid  phagolyso- 
somal  fusion.  Spotted  fever  group  rickettsiae  induce  actin  polymerization  via  a 
group  of  proteins  called  RickA,  which  promote  nucleation  of  actin  monomers 
via  the  Arp2/3  complex  at  one  rickettsial  pole,  propelling  the  bacteria  across 
the  cytoplasm  and  into  neighboring  cells.  Damage  to  the  host  cell  is  most  likely 
multifactorial.  The  most  extensively  studied  mechanism  is  the  generation  of 
reactive  oxygen  species  (ROS)  and  downregulation  of  enzymes  involved  in  pro¬ 
tection  against  oxidative  injury.  The  significance  of  ROS-mediated  cellular 
damage  in  vivo  is  beginning  to  be  elucidated.  The  main  pathogenic  mechanism 
is  increased  microvascular  permeability  leading  to  profound  metabolic  distur¬ 
bances  in  the  extravascular  compartment.  The  underlying  factors  responsible 
for  those  changes  are  beginning  to  be  elucidated  in  vitro  and  include  direct 
effects  of  intracellular  rickettsiae,  cytokines,  and  possibly  activated  coagula¬ 
tion  factors — all  of  which  most  likely  modify  interendothelial  junctions.  Our 
knowledge  on  rickettsial  pathogenesis  will  continue  to  expand  in  the  near 
future  as  new  research  tools  become  available. 

Keywords:  Rickettsiae;  microvascular  permeability;  reactive  oxygen  inter¬ 
mediates;  alpha  proteobacteria 


INTRODUCTION 

Rickettsiae  are  small,  obligate  intracellular,  gram-negative,  aerobic,  coccobacil- 
lary  a-proteobacteria  with  a  life  cycle  that  includes  both  vertebrate  and  invertebrate 
hosts  that  can  function  both  as  vectors  and  primary  reservoirs.  Small  mammals  func¬ 
tion  as  amplifying  hosts  and  humans  are  merely  accidental  hosts.  In  humans,  rick¬ 
ettsiae  are  responsible  for  systemic  diseases  that  target  the  microvascular 
endothelium  leading  to  highly  protean  clinical  manifestations  of  which  cerebral  and 
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pulmonary  edema  are  the  main  causes  of  morbidity  and  mortality. 1-3  This  review 
will  focus  on  the  interactions  between  rickettsiae  and  eukaryotic  cells.  I  also 
summarize  important  data  regarding  phylogeny  and  virulence  factors  derived  from 
the  available  genome  sequences  of  selected  rickettsiae. 


PHYLOGENY 

The  alpha  subdivision  of  the  proteobacteria  contains  a  large  number  of  genera  in¬ 
cluding  plant  pathogens  ( Agrobacterium  and  Rhizobia),  human  pathogens  ( Brucella , 
Bartonella,  and  Rickettsia),  and  insect  endosynrbionts  ( Wolbachia ).4  Their  life  styles 
represent  a  wide  spectrum  including  pericellular  parasites  of  plants,  facultative  in¬ 
tracellular  human  pathogens,  obligate  intracellular  human  pathogens,  and  plant  and 
insect  symbionts.  The  transition  to  the  intracellular  life  style  that  characterizes  the 
Rickettsiales  most  likely  occurred  far  back  in  evolutionary  time  as  shown  by  phylo¬ 
genetic  trees  that  compare  available  sequences  in  the  a-proteobacteria.  Genome 
sizes  in  this  subdivision  range  from  1-9  Mb.  It  is  estimated  that  the  ancestral  proteo- 
bacterium  had  3,000-5,000  genes.4  From  this  ancient  ancestor,  intracellular  bacteria 
evolved  with  invertebrates,  animals,  and  humans  by  genome  reduction.  In  contrast, 
soil-growing  plant-associated  bacteria  evolved  by  genome  expansion.  Perhaps,  one 
of  the  most  successful  symbiotic  relationships  on  the  planet  occurred  approximately 
2,000  million  years  ago  when  an  ancient  proteobacterium  invaded  a  eukaryotic  cell 
and  eventually  evolved  into  mitochondria.5,6  In  fact,  the  closest  modern  relative  to 
mitochondria  is  R.  prowazekii ,7,8  Regardless  of  their  life  styles,  the  a-proteobacteria 
are  characterized  by  their  chronic  interactions  with  their  hosts  or  vectors.  As  such,  they 
have  developed  exquisite  molecular  mechanisms  responsible  for  the  manipulation  of 
the  host  cell  so  that  their  survival  is  ensured. 

The  complete  phylogeny  of  Rickettsiae  is  kingdom.  Bacteria;  phylum  (VII), 
Proteobacteria  (alpha  subdivision);  class  (I),  Rhodospirilli;  order  (II),  Rickettsiales-, 
family,  Rickettsiaceae',  genus,  Rickettsia. 


PATHOGENESIS 

For  obligate  intracellular  bacteria,  pathogenesis  is  a  concept  that  involves  multiple 
steps:  (1)  transmission,  (2)  entry,  (3)  initial  spread  from  point  of  entry  to  other  organs, 
(4)  contact  with  target  cell  (adherence  and  invasion),  (5)  survival  within  the  host 
(avoidance  of  host  defenses  and  adaptation  to  the  host  environment),  and  (6)  exten¬ 
sion  of  the  niche  (modulation  of  host  biology,  multiplication  and  survival).  I  focus 
on  the  steps  that  involve  the  interaction  between  rickettsiae  and  their  eukaryotic  host 
cell. 

With  the  advent  of  complete  rickettsial  genome  sequences,  much  more  is  known 
about  their  metabolic  capabilities,  pathogenesis,  and  potential  virulence  factors. 
However,  it  is  worth  mentioning  that  49%  of  the  open  reading  frames  (ORFs)  in 
R.  conorii  and  37.3%  of  the  ORFs  in  R.  prowazekii  correspond  to  proteins  of  un¬ 
known  function  and  with  no  honrologs  in  databases. 5,6,9  Simply  put,  there  is  a  large 
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amount  of  work  to  be  done  in  order  to  understand  how  these  organisms  have  been  so 
successful  in  nature  and  how  they  induce  disease  in  humans. 

In  vitro,  rickettsiae  can  be  grown  in  almost  any  cell  line  available  (epithelial,  en¬ 
dothelial,  fibroblastic,  hematopoietic),  implying  that  their  receptor  is  a  ubiquitous 
protein  present  in  eukaryotic  cells.  In  fact,  recent  evidence  shows  that  Ku70,  a  pro¬ 
tein  that  is  present  in  the  nucleus,  cytoplasm,  and  lipid  raft  microdomains  in  the  plas¬ 
ma  membrane,  might  serve  as  a  receptor  for  R.  conorii. 10  Ku70  is  a  multifunctional 
protein  in  eukaryotic  cells  whose  main  function  in  the  nucleus  (along  with  Ku80)  is 
to  serve  as  part  of  the  DNA-dependent  protein  (serine/threonine)  kinase  system.  In 
the  cytoplasm,  Ku70  functions  as  an  inhibitor  of  Bax-mediated  apoptosis,  and  in  the 
plasma  membrane  as  a  fibronectin  binding  protein.  Ubiquitination  seems  to  be 
essential  for  Ku70  to  serve  as  a  rickettsial  receptor.  In  vivo,  rickettsiae  target  the 
microvascular  endothelium.3, 11,12  Minor  secondary  targets  include  cells  in  the  medial 
layer  of  arterioles  and  macrophages.  Internalization  is  active  both  at  the  target  cell 
and  the  bacterium  and  requires  active  protein  synthesis  by  the  bacterium.  The  sig¬ 
naling  pathways  involved  in  rickettsial  entry  have  been  recently  characterized  and 
include  recruitment  of  the  actin-nucleating  complex  Arp  2/3  to  the  site  of  attach¬ 
ment,  and  the  interaction  of  several  signaling  molecules  including  the  small  GTPase 
Cdc42,  phosphoinositide  3-kinase,  protein  tyrosine  kinases  (specifically  the  Src 
family),  and  focal  adhesion  kinase  (FAK).  Potential  adhesins  have  been  identified 
by  experiments  performed  with  monoclonal  antibodies  and  include  OmpA  and 
OmpB  in  spotted  fever  group  rickettsiae  and  OmpB  in  typhus  group  rickettsiae.14-18 
Once  attached  to  the  host  cell,  rickettsiae  enter  the  intracellular  environment  by  a 
process  of  induced  phagocytosis  by  the  “zipper  mechanism’’  in  which  focal  re¬ 
arrangements  of  the  actin  cytoskeleton  occur  below  the  site  of  attachment  leading  to 
progressive  apposition  of  the  eukaryotic  cellular  membrane  over  the  bacterium. 
Once  rickettsiae  are  internalized,  escape  from  the  phagosome  into  the  cytosolic  com¬ 
partment  takes  place  after  several  minutes  and  is  mediated  by  upregulation  of  genes 
coding  for  proteins  with  membranolytic  activity,  namely  tlyC  (hemolysin  C)  and  pld 
(phospholipase  D). 19,20  Once  in  the  cytoplasm  rickettsiae  are  not  at  risk  of  being 
destroyed  by  lethal  lysosomal  enzymes  and  the  human  host  has  to  use  other  mecha¬ 
nisms  to  eliminate  them.  This  is  successfully  done  in  the  majority  of  cases  with  the 
exception  of  latency  in  R.  prowazekii  infections  and  the  still  controversial  evidence 
of  chronic  infections  caused  by  R.  Helvetica.  -23 

Once  in  the  cytoplasm,  rickettsiae  obtain  the  necessary  nutrients  to  survive  in  the 
intracellular  milieu  from  the  host  cell.  Many  of  the  genes  necessary  to  synthesize 
certain  metabolic  products  have  been  replaced  by  genes  encoding  for  transport  sys¬ 
tems,  including  ATP/ADP  translocases  that  probably  entered  the  rickettsial  genomes 
by  horizontal  transfer  from  Chlamydia . 24-27  Due  to  their  intracellular  niche,  the 
“tempo”  of  rickettsial  genome  evolution  is  much  slower  when  compared  to  extracel¬ 
lular  or  facultative  intracellular  organisms.  Therefore,  horizontal  transfers  must  have 
occurred  more  frequently  in  the  early  phases  in  the  evolution  of  these  organisms. 
Furthermore,  horizontal  gene  transfers  were  probably  very  common  in  the  early  days 
of  life  on  earth.28  Rickettsiae  are  capable  of  producing  ATP  and  most  likely  do  so 
after  depleting  the  host  cell’s  ATP  pool.  Such  function  seems  to  be  so  important  that 
there  are  five  copies  of  the  ATP/ADP  translocase  genes.8,29  Other  important  high¬ 
lights  in  rickettsial  metabolism  include  the  presence  of  glutamine  transporters  due  to 
the  absence  of  glutamine  synthase,  and  purine  and  pyrimidine  salvage  pathways 
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through  the  host.  However,  synthesis  of  deoxyribonucleotides  from  ribonucleotide 
precursors  for  DNA  synthesis  is  possible  since  they  have  the  ribonucleotide 
reductase  genes  necessary  for  such  conversion.  Aminoacid  synthesis  is  very  limited 
and  most  aminoacids  are  taken  from  the  host  cell’s  cytoplasm  by  transporters.30 

The  spotted  fever  group  rickettsiae  are  capable  of  polymerizing  monomeric  actin 
filaments  in  the  cytoplasm  at  one  of  their  poles.31-32  The  net  result  of  this  action  is 
propulsion  of  rickettsiae  through  the  cytoplasm  and  penetration  of  neighboring  cells 
through  the  cell  membranes.  This  allows  rickettsiae  to  affect  short  segments  of  the 
microvasculature  by  invading  contiguous  endothelial  cells  without  being  exposed  to 
the  intravascular  compartment.  The  molecular  machinery  responsible  for  this  action 
has  been  elucidated  and  depends  on  expression  of  RickA,  a  family  of  proteins  that 
acts  through  the  Arp  2/3  complex,  which  in  turn  induces  actin  polymerization.33-36 
Other  examples  of  actin-based  cytoplasmic  motility  include  Listeria,  Shigella, 
Burkholderia  pseudomallei,  vaccinia  virus,  and  Mycobacterium  marinum . 37-/11  In 
contrast,  the  absence  of  Rick  A  expression  in  R.  prowazekii  correlates  well  with  the 
complete  absence  of  cytoplasmic  motility.  R.  typhi  induces  actin  polymerization  but 
the  actin  tails  are  short  and  “hooked"  producing  inefficient  circular  movements  within 
the  cytoplasm.  Since  R.  typhi  also  lacks  Rick  A  protein  expression,  the  induction  of 
actin  polymerization  must  be  due  to  other  still  unknown  protein(s). 

Rickettsiae  do  not  secrete  any  exotoxins  and  one  of  the  best  studied  mechanisms 
by  which  they  can  exert  damage  to  the  host  cell  is  oxidative  stress.  The  role  of  oxy¬ 
gen  radicals  has  been  studied  extensively  in  vitro  and  their  role  in  vivo  is  beginning 
to  be  elucidated.42-46  In  addition,  regulatory  oxygenases  also  seem  to  play  an  im¬ 
portant  role  in  rickettsial  pathogenesis  as  shown  by  upregulation  of  the  inducible 
form  of  heme  oxygenase  (HO-1)  in  R.  rickettsii- infected  endothelial  cells  and  the 
subsequent  upregulation  of  the  cyclooxygenase  system.46  The  latter  is  responsible 
for  increased  production  of  prostaglandins,  which  in  turn,  might  have  dramatic 
effects  on  the  microvasculature  since  these  substances  are  well  known  paracrine 
homeostatic  factors  of  endothelial  cells  and  the  microcirculation. 

Adaptation  is  certainly  important  for  rickettsial  organisms  since  they  have  to 
shuttle  between  vectors  (arthropods)  and  hosts  (mammals).  Needless  to  say,  the 
conditions  in  each  of  these  environments  are  very  different.  Five  gene  copies  with 
homology  to  SpoT  genes  have  been  found  in  rickettsiae.8-29  The  spoT  gene  seems  to 
play  an  important  role  when  rickettsiae  move  to  their  vectors  and  this  same  gene 
probably  plays  an  important  role  in  maintaining  R.  prowazekii  and  R.  typhi  viable  in 
the  feces  of  the  louse  and  flea  vectors,  respectively,  under  very  harsh  environmental 
conditions. 

In  eukaryotic  cells,  rickettsiae  activate  NF-kB  and  one  of  the  results  of  this  acti¬ 
vation  is  the  inhibition  of  apoptosis.47-49  This  effect  is  mediated  via  inhibition  of 
apical  caspases-8  and  -9  and  by  controlling  intracellular  levels  of  the  bcl-2  family  of 
proteins,  specifically  Bid  and  Bad.50  Inhibition  of  apoptosis  in  vitro  by  intracellular 
rickettsiae  appears  logical  since  they  are  obligate  intracellular  organisms  and  there¬ 
fore  need  the  cell’s  nutrients  to  proliferate.  However,  in  vivo,  inhibition  of  apoptosis 
seems  important  in  the  early  phases  of  the  disease  when  rickettsiae  start  proliferating 
in  the  microvascular  endothelium.  Later  in  the  disease  process,  when  adaptive 
immunity  is  in  full  swing,  apoptosis  is  in  fact  increased  in  infected  endothelial  cells 
and  appears  to  be  the  result  of  perforin  and  granzyme-mediated  apoptotic  cell  death 
due  to  cytotoxic  CD8+  T-cells.51 
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Rickettsiae  are  one  of  a  very  selected  list  of  human  pathogens  that  target  the 
microvascular  endothelium  exclusively.  In  fact,  the  hallmark  of  rickettsial  infections 
in  humans  is  the  presence  of  increased  microvascular  permeability  in  all  organ 
systems.2'12  The  main  consequence  of  “leaky”  microvessels  throughout  the  body  is 
escape  of  intravascular  fluid  into  the  interstitial  space,  leading  to  tissue  edema.  Such 
change  in  vital  organs  such  as  the  lungs  and  brain  is  responsible  for  most  of  the  mor¬ 
bidity  and  mortality  observed  in  human  infections  due  to  non-cardiogenic  pulmo¬ 
nary  edema  and  cerebral  edema.52,53  Understanding  the  pathogenesis  of  increased 
microvascular  permeability  in  rickettsial  infections  could  lead  to  new  avenues  of 
treatment  to  prevent  life-threatening  complications.  The  movement  of  fluids  in  and 
out  of  the  microvascular  compartment  depends  on  physical  forces  across  micro¬ 
vessels  and  chemical  modulation  of  permeability.54  Physical  forces  are  important  in 
other  disease  states  such  as  congestive  heart  failure,  protein-losing  nephropathies  or 
cirrhosis.  However,  modulation  of  the  microvascular  permeability  by  chemical 
mediators  is  far  more  powerful  than  their  physical  counterparts.  Regulation  of  perme¬ 
ability  occurs  mostly  in  precapillary  arterioles,  capillaries  per  se,  and  postcapillary 
venules,  which  are  the  very  microvessels  that  are  targeted  in  rickettsial  infections. 

Multiple  mechanisms  by  which  rickettsiae  can  induce  microvascular  permeability 
have  been  proposed  and  they  include:  (1)  endothelial  denudation;  (2)  direct  effect  as 
a  result  of  endothelial  infection  by  rickettsiae;  and  (3)  paracrine  and  autocrine 
modulation  by  cytokines,  prostaglandins,  and  products  of  the  coagulation/fibrinolytic 
cascades.  The  first  mechanism  is  self  explanatory  and  would  explain  increased  per¬ 
meability  by  the  mere  absence  of  the  endothelial  lining  in  affected  microvessels.  In 
these  cases,  the  only  structure  remaining  in  the  microvessels  would  be  the  basement 
membrane,  which  would  be  insufficient  to  keep  the  intravascular  fluids  from  leaking 
into  the  interstitial  space.  This  mechanism  surely  happens  in  vivo,  but  seems  to 
appear  late  in  the  disease  process  when  endothelial  cells  are  dying  from  the  presence 
of  massive  amounts  of  intracellular  rickettsiae  or  by  apoptotic/necrotic  cell  death 
due  to  CD8+  cytotoxic  T-lymphocytes.  In  fact,  circulating  endothelial  cells  have 
been  demonstrated  in  humans  during  acute  infections.55 

The  second  mechanism  is  beginning  to  be  elucidated.  Preliminary  experiments  in 
my  laboratory  have  shown  that  monolayers  composed  of  microvascular  endothelial 
cell  lines  derived  from  human  brain  and  dermis  increase  their  permeability  in  vitro 
as  evidenced  by  decreased  transendothelial  resistance.  These  changes  are  not  ex¬ 
plained  by  cell  death  in  the  monolayers  during  the  first  24  hours  of  infection.56  The 
molecular  mechanisms  responsible  for  these  changes  are  currently  being  studied,  but 
most  likely  involve  signal  transduction  pathways  affecting  the  cytoskeleton  and 
ultimately  junctional  proteins.  The  role  of  cytokines  is  also  being  studied  in  my 
research  laboratory  and  preliminary  studies  reveal  that  IL- 1-(3  and  TNF-a  play  an 
important  role  in  increasing  permeability  across  infected  monolayers.  IFN-y  on  the 
contrary  seems  to  partially  counteract  some  of  the  effects  of  IL-l-(3  and  TNF-a  on 
the  infected  monolayers  at  doses  of  5  and  10  ng/mL.56  Even  though  coagulation  ab¬ 
normalities  have  been  described  in  vitro  and  in  vivo  during  acute  rickettsioses, 57,58 
autopsy  studies  performed  in  humans  have  not  shown  disseminated  intravascular  co¬ 
agulation  and  subsequent  bleeding  as  the  underlying  process  responsible  for  fatali¬ 
ties.  However,  several  products  of  the  coagulation  and  fibrinolytic  cascade  could  be 
responsible  for  increases  in  permeability  across  the  microcirculation.  All  these  po¬ 
tential  mechanisms  leading  to  increased  microvascular  permeability  are  by  no  means 
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mutually  exclusive  and  most  likely  play  additive  or  synergistic  roles  in  vitro  and 
in  vivo. 

Due  to  the  obligate  intracellular  nature  of  rickettsial  organisms  and  the  absence, 
until  recently,  of  genetic  tools  to  manipulate  the  rickettsial  genomes,  determination 
of  virulence  factors  has  been  a  slow  process.  However,  due  to  the  availability  of  com¬ 
plete  genome  sequences  from  several  rickettsial  organisms,  the  recent  reports  of  suc¬ 
cessful  transformation  of  rickettsiae,  and  the  discovery  of  a  rickettsia-associated 
transposon,  progress  in  this  area  will  certainly  accelerate  exponentially.59-61  The 
definition  of  a  virulence  factor  is  highly  controversial  and  a  discussion  of  the  topic 
is  beyond  the  scope  of  this  manuscript.  A  simple  definition  of  a  virulence  factor  is 
that  of  a  molecule  synthesized  by  a  pathogen  that  is  necessary  (although  many  times 
not  sufficient  by  itself)  to  inflict  disease  in  a  host.  As  discussed  previously,  patho¬ 
genesis  involves  multiple  steps  and  therefore,  molecules  (proteins,  glycoproteins, 
lipoproteins,  etc.)  involved  in  any  of  those  steps  are  potential  virulence  factors. 
Therefore,  several  virulence  factors  have  already  been  identified  based  on  in  vivo 
and  in  vitro  studies  and  several  others  are  considered  potential  virulence  factors 
based  on  genome  sequences.  A  short  discussion  on  this  topic  follows,  but  excellent 
manuscripts  on  the  topic  are  available. 29.30,62 

Entry  into  the  host  cell  is  mediated  by  both  OmpA  and  OmpB  proteins,  both  of 
which  are  surface  exposed  and  use  of  monoclonal  antibodies  against  them  reduces 
entry  of  rickettsiae  into  the  host  cells  dramatically.14-16  The  role  of  phospholipase  D 
and  hemolysins  A  and  C  in  phagosomal  escape  has  also  been  well  described.19-63 
Once  in  the  cytoplasm,  spotted  fever  group  rickettsiae  induce  polar  actin  polymer¬ 
ization  via  RickA,  allowing  them  to  move  freely  in  the  cytoplasm  and  invade  neigh¬ 
boring  cells.34,36-64  Factors  involved  in  intracellular  survival  are  probably  numerous 
and  examples  include  InvA,  a  dinucleoside  polyphosphate  hydrolase  that  hydrolyzes 
toxic  dinucleoside  oligophosphates  within  the  host  cell  to  produce  ATP  and  there¬ 
fore  favor  growth  and  multiplication.65-66  An  iron-associated  superoxide  dismutase 
gene  ortholog,  sodB ,29  was  found  in  R.  typhi  and  probably  plays  a  role  in  neutraliz¬ 
ing  reactive  oxygen  intermediates  produced  in  the  host  cell  as  part  of  their  response 
against  rickettsial  invasion.  The  molecular  machinery  necessary  for  export  of  pro¬ 
teins  outside  the  bacterium  is  a  sophisticated  system  that  involves  several  molecules. 
In  rickettsiae,  type  IV  secretion  systems  play  this  role  and  several  virB  orthologs 
have  been  found,  including  inner  membrane  components  (VirB4  and  VirB  11),  peri- 
plasmic  components  (VirB6,  VirB8,  VirB  10),  and  outer  membrane  components 
(VirB3  and  VirB9). 29,30  Autotransporters  also  play  a  role  in  moving  molecules 
outside  the  bacterial  cell.  As  the  name  implies,  proteins  are  responsible  for  their  own 
secretion  outside  the  cell.  Examples  include  Scal-4  and  OmpB.8-29-67 

Rickettsiae  are  susceptible  to  few  antibiotics  including  the  tetracyclines  and 
chloramphenicol  and  are  highly  resistant  to  beta-lactams  and  aminoglycosides.  Such 
a  narrow  susceptibility  spectrum  is  beginning  to  be  understood.  A  metallo-(3-lacta- 
mase  has  been  identified  in  R.  typhi  as  well  as  several  penicillin-binding  proteins.29 
In  addition,  multidrug  transporters  (efflux  pumps)  have  also  been  found  including 
emrB,  bcr,  and  10  other  potential  ABC  transporters.  Because  of  their  life  cycles, 
rickettsiae  have  to  adapt  to  markedly  different  and  sometimes  harsh  environmental 
conditions  in  their  arthropod  vectors.  Such  response  is  called  the  stringent  response 
and  has  been  studied  extensively  in  other  bacteria.  Not  surprisingly,  rickettsiae 
possess  in  their  genomes  several  spoT  genes,  Ndk  (nucleoside  diphosphokinase), 
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and  GppA  (pppGpp-5'-phosphohydrolase) — all  of  which  play  a  role  in  down¬ 
regulating  transcription  and  translation  by  increasing  the  concentration  of  GDP  3'- 
diphosphate  and  GTP  3'-diphosphate.29-68 


SUMMARY 

Several  genes  in  the  published  and  deposited  rickettsial  genomes  code  for  pro¬ 
teins  with  no  known  function  and  no  matches  with  other  proteins  in  available  data¬ 
bases.  Therefore,  the  potential  for  research  in  this  area  is  enormous.  With  the  advent 
of  powerful  imaging  and  molecular  techniques,  exciting  times  lay  ahead.  We  now 
have  the  capability  of  genetic  manipulation  of  rickettsiae,  eukaryotic  cells,  and  ani¬ 
mals  in  order  to  perform  powerful  experiments  in  vitro  and  in  vivo  to  elucidate  both 
the  cellular  and  pathophysiologic  alterations  leading  to  the  morbidity  and  mortality 
associated  with  these  diseases. 
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LB522  __ _ 

TGF-/?I  Expression  in  Human  Aortic  Smooth  M u jcie  Cells  (VSMC) 
is  Down-regulated  when  Exposed  to  Nicotine  In  Vitro  for  Six  Days 

Owono  Pennycooke,  Miehitaka  Kawata,  Matthew  Martens.  Louise  F 
Stnindc.  Riva  F.ydelman.  Charles  W  Hewitt,  James  Alexander.  Surgery, 
Cooper  University  Hospital  *  MDNJ-Robcrt  Wood  Johson  Medical 
School,  Three  Cooper  Plaza.  Suite  41 1,  Camden.  New'  Jersey,  08103 
Objective-  Previous  work  from  this  lab  has  shown  that  exposure  to 
nicotine  causes  an  immediate  1 3  hour)  increase  in  expression  of  TGF-fH. 
We  hypothesized  that  chronic  exposure  of  VSMC  to  free-base  nicotine 
in  vitro  would  cause  sustained  up  regulation  ofTGF-PI. 

Methods:  VSMC  grown  in  vilro  were  exposed  to  1 0*  M  FBN  for  24 
(day  I),  72  (duy  3).  and  144  hours  (day  6).  Control  cells  were  exposed 
■u  growth  media  without  H3N  Expression  ft il-pi  was  determined  by 
immunocytochemistry  and  an  intensity  stain  index  was  measured 
quantitatively  using  digital  image  analysis. 

Results:  After  24  hour  exposure  to  FBN,  TGF-p!  was  down  regulated 
when  compared  to  control  (132±  7.35  vs.  152±  5.31,  p=.03).  After  72, 
and  144  hours  exposure,  the  decrease  in  expression  of  TGF-pi,  when 
compared  to  the  24  hours,  continues  and  is  significant,  (114.4  +  6.8 
vs.  1 32.8  ±  7.35,  p=.05)  and  (95.2±3.9  vs.  1 32.8  ±  7.35,  p=. 004) 
Conclusion:  Although  exposure  of  VSMC’s  to  nicotine  causes  an  acute 
increase  of  TGf-pl,  the  long-term  impact  is  down  regulation  of  TGF-pi 
expression.  These  observations  imply  that  TGF-pl  is  only  involved  in 
the  acute  phase  of  the  inflammatory  response  to  nicotine. 

LB523  _ 

HSP-70  Expression  is  up  regulated  in  Human  Aortic  Smooth  Muscle 
Cells  (VSMC)  Exposed  to  Nicotine  In  Vitro  for  Six  Days 
Owano  Pennycooke,  Michitaka  Kawata,  Matthew  Martens,  Louise  F 
Strande,  Riva  Eydelman,  Charles  W  Hewitt,  James  Alexander.  Surgery, 
Cooper  University  Hospital/UMDNJ-Robert  Wood  Johson  Medical 
School,  Three  Cooper  Plaza,  Suite  411,  Camden,  New  Jersey,  08103 
Objective:  We  have  previously  shown  that  HSP-70  is  up  regulated  by 
VSMC  in  response  to  nicotine  in  an  acute  in  vitro  model.  This 
phenomenon  correlates  with  a  down  regulation  of  the  apoptotic  pathway. 
We  hypothesized  that  chronic  exposure  of  VSMC  to  free-base  nicotine 
(FBN)  in  vitro,  would  cause  sustained  up  regulation  of  HSP-70. 

Methods:  VSMC  grown  in  vitro  were  exposed  to  lO^M  FBN  for  24(day 
1),  72(day  3),  and  144  hours  (day  6).  Control  cells  were  exposed  to 
growth  media  without  FBN.  Expression  of  HSP-70  was  determined  by 
immunocytochemistry  and  an  intensity  stain  index  was  measured 
quantitatively  using  digital  image  analysis. 

Results:  In  VSMC,  a  significant  increase  in  HSP-70  expression  was 
observed  after  24  hours  exposure  to  FBN  when  compared  to  control 
(13.6  ±  2.6  vs.  6.4  ±  1.6  p=  .02).  This  increased  expression  continued  at 
72  hours  compared  to  24  hours  <  1 08. 1  ±3.9  vs.  13.6+  1.6  p=1.9'7). 
However,  the  expression  of  HSP-70  did  not  show  any  significant 
increase  from  72  hours  to  144  hours  (108.1±3.9  vs.  1 10.0±4.6  p=.7). 
Conclusion:  Chronic  exposure  to  an  inflammatory  stimulus  (nicotine) 
causes  a  progressively  significant  increase  of  HSP-70.  These 
observations  imply  a  mechanism  whereby  HSP-70  is  involved  in  the 
hyperplasia  and  hypertrophy  of  VSMC  after  chronic  exposure  to 
nicotine. 

LB524 _ 

Development  of  aneurvsm-like  remodeling  on  vessels  subjected  to 
impinging  flow 

Hui  Meng,  D  D  Swartz,  Z  J  Wang,  L  Gao,  Y  Hoi,  J  Kolega,  E  Metaxa, 
M  P  Szymanski,  A  M  Paciorek,  J  Yamamoto,  E  Sauvageau,  E  I  Levy,  L 
N  Hopkins.  Toshiba  Stroke  Research  Center,  State  University  of  New 
York  at  Buffalo,  445  BRB,  3435  Main  St.,  Buffalo,  NY,  14214 
Cerebral  aneurysms  are  associated  with  hemodynamic  stresses  at  vessel 
bifurcations,  but  little  is  known  about  how  the  hemodynamic  micro¬ 
environment  at  such  locations  leads  to  vascular  change.  We  hypothesize 
that  impinging  flow  creates  complex  local  hemodynamics  that  lead  to 
remodeling  of  the  wall  and  aneurysms  occur  when  this  remodeling  goes 
awry. 

To  uncover  relationships  between  hemodynamics  at  bifurcations  and 
specific  vascular  changes  leading  to  aneurysms.  Y-bifurcations  were 
created  by  anastomosis  of  carotid  arteries  in  dogs.  We  determined 
detailed  local  hemodynamics  through  in  vivo  imaging  and 
Computational  Fluid  Dynamics  (CFD),  then  examined  tissue  responses 


by  Histology  and  unmur, ('staining  CI  D  result-  were  superimposed  on 
the  histology,  This  revealed  huge  gradients  of  wail  shear  stress  and 
Jcvciopmcnt  of  uu  intimal  pad  at  the  flow  impingement  site.  Adjacent  to 
[he  impingement,  shear  stress  was  higher  hut  gradients  lower,  and  a 
groove,  indicative  of  early  aneurysm,  farmed  in  the  vessel  waif  The 
inltmai  pad  showed  extensive  inumal  hyperplasia  at  2  weeks  but 
matured  at  2  months,  with  a  thicker  media  and  resemblance  to  a  normal 
bifurcation  apex.  The  groove  was  striking  at  2  months,  w  ith  a  denuded 
.-nrtoilicli.il  layer,  disrupted  internal  clastic  lamina,  and  thinned  media 
Immunostatning  showed  decreased  smooth  muscle  cell  density  and 
proliferation  and  decreased  fihroncctm  in  the  groove,  further  indicating 
he  groove  may  be  an  early  aneury  sm 

rhis  model  system  allows  identification  of  hemodynamic  parameters 
that  arc  important  for  cerebral  aneurysm  development  and  exploration  of 
vascular  remodeling  -  healthy  or  palhologicul  -  in  response  to  changing 
bemudy  muntes  In  a  living  sy Stem- 
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LB52S _ 

Peroxynitrite-mediated  damage  during  rickettsial  infection  of 
human  microvascular  endothelial  cells 

Michael  Edward  Woods1,  Gary  Wen1,  Juan  P.  Olano1-2.  Department  of 
Pathology.  ’Center  for  Biodefense  and  Emerging  Infectious  Diseases, 
University  of  Texas  Medical  Branch,  301  University  Blvd.,  Galveston, 
Texas,  77555-0609 

The  objective  of  this  study  was  to  determine  the  effects  of  nitric  oxide 
and  it’s  by-products  on  rickettsiae-infected  human  endothelial  cells.  The 
HMEC-1  cell  line  was  infected  with  Rickettsia  conorii  and  treated  with 
or  without  the  nitric  oxide  donor,  DETA  NONoate  and  the  peroxynitrite 
decomposition  catalyst  FeTMPyP.  Electrical  resistance  of  the 
endothelial  monolayers  was  monitored  by  Electric  Cell-substrate 
Impedance  Sensing  as  a  measurement  of  paracellular  permeability. 
Rickettsial  viability  was  measured  by  quantitative  real-time  PCR  and 
host  cell  viability  was  measured  using  propidium  iodide  staining.  The 
results  show  that  high  levels  (500uM)  of  the  nitric  oxide  donor  result  in 
a  rapid  decrease  in  electrical  resistance  after  the  first  day  of  infection 
and  treatment.  Lower  levels  ( lOOuM)  however  proved  to  delay  the  onset 
of  rickettsiae-induced  cell  death  without  causing  a  significant  loss  of 
monolayer  integrity.  Interestingly,  both  doses  of  the  nitric  oxide  donor 
were  equally  effective  at  decreasing  the  number  of  viable  intracellular 
rickettsiae.  Additionally,  we  noticed  that  cell  death  did  not  correlate 
with  the  decrease  in  electrical  resistance  across  the  monolayers.  Finally, 
we  observed  that  the  addition  of  FeTMPyP  appeared  to  reverse  the 
effects  of  high  levels  of  the  nitric  oxide  donor  and  the  monolayers 
appeared  to  behave  more  similar  to  non-treated,  infected  cells.  We  have 
demonstrated  that  exogenously  added  nitric  oxide  has  the  ability  to 
negatively  impact  the  integrity  of  the  microvascular  endothelium  most 
probably  through  a  peroxynitrite-dependent  mechanism. 

LB526 _ 

Suppression  of  lymphocyte  egress  in  simian  immunodeficiency 
virus-infected  rhesus  macaques 

Richard  A  Reyes.  Cheryl  Stoddart.  Virology  and  Immunology,  J.  David 
Gladstone  Institute,  1650  Owens  Street,  San  Francisco,  CA,  94158 
Lymphocyte  egress  from  organized  lymphoid  tissues  is  dependent  on  the 
G  protein-coupled,  sphingosine  1 -phosphate  receptor  1  (SIPi).  Together 
with  its  cognate  ligand,  sphingosine  1 -phosphate,  SlPt  is  believed  to 
mediate  cellular  migration  through  the  modulation  of  its  expression  on 
lymphocytes  and  endothelial  cells  within  the  lymphatic  sinuses.  Here  we 
report  correlative  evidence,  through  the  quantitation  of  SIPi  protein  and 
RNA  levels,  that  lymphocyte  sequestration  is  intrinsic  to  the 
development  of  lymphoid  hyperplasia  in  simian  immunodeficiency 
virus-infected  macaques.  Furthermore,  we  suggest  that  the  spatial 
expression  of  S 1  Pi  contributes  to  the  heterogeneity  of  viral 
dissemination  and  pathology  that  is  characteristic  of  simian  AIDS. 
Methods  utilized  in  this  study  include:  1 )  whole  slide  imaging,  2)  laser- 
dissection  microscopy,  3)  in  situ  hybridization. 

This  research  was  supported  by  the  J.  David  Gladstone 
Institutes. 
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Expression  of  a  rickettsial  homologue  of  mitochondrial 
processing  peptidase 

Tsuneo  Uchiyama*1,  Sakae  Kitada2,  Tomoyuki  Funatsu2,  Hiroaki  Kawano1, 
Yoshito  Kusuhara\Tadashi  Ogishima2,  and  Akio  Ito2 
' Department  of  Virology,  The  University  of  Tokushima  Graduate  School  of 
Medicine,  Kuramoto  3-18-15,  Tokushima  770-8503,  Japan. 

^Department  of  Chemistry,  Kyushu  University  Graduate  School  of  Science, Hakozaki  6-1 0-1 , 

Higashi-ku,  Fukuoka  812-8581 ,  Japan 

Genomic  analysis  revealed  that  rickettsiae  possess  gene  homologues  to  that  for 
mitochondrial  processing  peptidase  (MPP).  Recombinant  Escherichia  coli  expressing 
this  rickettsial  protein,  which  was  named  MPP-like  protein  (MLP),  was  generated.  This 
recombinant  protein  with  His-tag  was  purified  to  be  a  single  band  on  SDS-polyacrylamide 
gel  (electrophoresis).  Mass-spectrometry  of  the  digests  of  various  synthetic  peptides 
was  performed  to  show  that  the  recombinant  MLP  possesses  a  peptidase  activity  as  a 
monomer,  although  the  cleavage  sites  in  synthetic  peptides  were  different  from  those 
by  MPP  (Funatsu,  T.  et  al.  Seikagaku  72(8) :773, 2000.  in  Japanese).  Expression  of 
mRNA  for  MLP  and  the  protein  in  rickettsiae  was  confirmed  by  RT-PCR  and  Western 
blotting.  Partial  fractionation  revealed  that  MLP  is  present  in  envelope  fraction  as  well 
as  in  cytoplasmic  fraction.  These  results  might  contribute  to  the  study  on  the  molecular 
evolution  of  MPP  and  MLP  as  well  as  to  that  on  mitochondria  and  rickettsiae. 
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Analysis  of  microvascular  leakage  in  an  in  vitro  model  of  the  brain 
endothelial  barrier  by  electric  cell-substrate  impedance  sensing  (ECIS). 

Paul  Koo  and  Juan  P.  Olano 


University  of  Texas  Medical  Branch,  Galveston,  TX. 

Increased  microvascular  permeability  leading  to  cerebral  and  pulmonary  edema  is 
responsible  for  the  morbidity  and  mortality  seen  in  rickettsioses.  The  pathogenesis  of 
increased  microvascular  permeability  is  unknown.  We  are  in  the  process  of  developing 
an  in  vitro  model  of  the  brain  endothelial  barrier  to  study  the  molecular  events  leading 
to  vascular  leakage  in  acute  rickettsioses.  ECIS  is  a  novel  method  to  study 
transendothelial  resistance  (TER)  across  cell  monolayers  in  real  time  on  a  continuous 
basis.  A  rat-derived  microvascular  endothelial  cell  line  (RBE4)  as  well  as  human-derived 
primary  cerebral  endothelial  cells  (HBMEC)  were  grown  on  disposable  arrays  with  gold 
electrodes.  The  monolayers  were  infected  with  Rickettsia  rickettsii.  Cytokines  (IL-1-a, 
TNF-a  and  IFN-y)  were  added  to  some  of  the  infected  and  non-infected  monolayers. 
Controls  included  non-infected  monolayers  without  cytokine  stimulation  and  array  wells 
containing  medium  alone.  Our  experiments  demonstrated  that:  a)  Decreased  TER 
(increased  vascular  permeability)  was  observed  after  60  -  70  hours  (RBE4)  or  75  -  80 
(HBMEC)  of  infection;  b)  The  decrease  in  TER  was  directly  proportional  to  the  rickettsial 
inoculum;  and  c)  The  presence  of  cytokines  potentiated  a  marked  decrease  in  TER  in 
the  monolayers  infected  with  rickettsiae.  This  in  vitro  model  appears  promising  for  the 
study  of  microvascular  leakage  in  rickettsioses  and  other  infectious  diseases  in  general. 
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Development  of  combinatorial  peptide  based  libraries  (adapteins)  with 
rickettsicidal  activity:  Preliminary  results 

Paul  Koo,  Stanley  Watowich,  Robert  Davey,  Juan  P.  Olano* 
University  of  Texas  Medical  Branch 


Combinatorial  peptide  libraries  (adaptein  libraries)  are  a  novel  and  powerful  technique 
used  to  screen  for  compounds  with  potential  microbicidal  activity.  Our  system  is  based 
on  delivery  of  genes  within  pantropic  retroviruses  coding  for  a  scaffold  protein 
(Venezuelan  equine  encephalitis  virus  capsid  protein  sub-domain  fused  to  a  peptide 
taken  from  the  “tat”  protein  of  HIV)  into  which  small  random  peptide  sequences 
(combinatorial  6-mer)  are  presented  on  an  exposed  loop  (adaptein).  The  diversity  of 
each  library  ranges  between  2  x  1 07  and  2  x  1 08.  Typical  retroviral  titers  are  approximately 
1 07  pfu/ml.  A  rat  brain  derived  endothelial  cell  line  (RBE4)  was  infected  with  the  retroviral 
vectors  containing  adaptein  libraries  and  subsequently  challenged  with  Rickettsia 
rickettsii  at  a  MOI  of  25.  At  96  hours  after  the  challenge,  surviving  cells  still  attached  to 
the  substratum  were  trypsinized,  replated,  and  allowed  to  grow  for  48  -  72  hours  before 
being  re-challenged  with  R.  rickettsii  (MOI  =  15).  Three  more  rounds  of  re-challenges 
(MOI  =  1 0)  were  carried  out.  At  the  end  of  5  rounds  of  challenges,  7  foci  of  putative 
rickettsia-resistant  RBE4  cells  were  recovered.  We  are  currently  in  the  process  of 
characterizing  these  cells  at  the  molecular  level  to  elucidate  the  mechanisms  of 
resistance  to  rickettsial  challenge. 
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Effect  of  Bartonella  bacilliformis  cell  fractions  on  human  vascular 

endothelial  cell  growth 

Laura  S.  Smitherman*,  D.  Scott  Samuels  &  Michael  F.  Minnick. 
Division  of  Biological  Sciences,  The  University  of  Montana. 


Bartonella  infections  can  result  in  angioproliferative  lesions  of  the  vasculature  that  are 
potentially  life  threatening  to  humans.  To  investigate  the  proliferative  response 
accompanying  bartonellosis,  cultured  human  umbilical  vein  endothelial  cells  (HUVECs) 
were  exposed  to  various  B.  bacilliformis  cell  fractions.  Results  of  this  study  show  that 
the  pathogen  produces  a  proteinaceous  mitogen  that  acts  in  a  dose-dependent  fashion 
in  vitro  with  maximal  activity  at  >72  h  exposure,  and  results  in  a  6  to  20-fold  increase 
in  cell  numbers  relative  to  controls.  The  mitogen  increases  BrdU  incorporation  into 
HUVECs  by  almost  2-fold  relative  to  controls.  The  mitogen  is  sensitive  to  heat  or  trypsin 
but  is  not  affected  by  the  LPS  inhibitor,  polymyxin  B.  The  mitogen  does  not  affect 
caspase  3  activity  in  HUVECs  undergoing  serum  starvation-induced  apoptosis.  The 
Bartonella  mitogen  was  found  in  bacterial  culture  supernatants,  the  soluble  cell  lysate 
fraction,  and  to  a  lesser  degree  in  insoluble  cell  fractions  of  the  bacterium.  In  contrast, 
soluble  cell  lysate  fractions  from  closely-related  B.  henselae,  although  possessing 
significant  mitogenicity  for  HUVECs,  resulted  in  only  about  a  two-fold  increase  in  cell 
numbers.  These  data  suggest  that  Bartonella  directly  affects  the  growth  of  vascular 
tissue,  in  addition  to  inducing  angiogenic  cytokines  and  growth  factors  as  previously 
published.  The  mitogen  is  described  in  a  second  abstract. 
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DEVELOPMENT  OF  COMBINATORIAL  PEPTIDE-BASED  LIBRARIES 
(ADAPTEINS)  WITH  RICKETTSICIDAL  ACTIVITY: 
PRELIMINARY  RESULTS 


Olano  Juan  P,  Koo  P,  and  Walker  DH 

University  of  Texas  Medical  Branch,  Galveston,  TX 


BACKGROUND/PURPOSE:  Combinatorial  peptide  libraries  (adaptein  libraries)  are  a  novel 
and  powerful  technique  used  to  screen  for  compounds  with  potential  microbicidal  activity.  Our 
system  is  based  on  initial  delivery  of  small  random  peptide  sequences  (combinatorial  6-,  12-,  and 
1 8-mers,  also  known  as  adapteins)  attached  to  the  C-terminus  of  EGFP  constructed  within  a 
replication-incompetent  murine  leukemia  retrovirus  that  was  co-transfected  with  pGag-Pol  and 
pVSV-env  into  293  cells.  The  diversity  of  the  resultant  recombinant  retrovirus  library  (released 
into  the  medium)  ranges  between  2  x  107  and  >3  x  108.  Typical  retroviral  titers  are 
approximately  107  pfu/ml. 

METHODS:  A  rat  brain-derived  endothelial  cell  line  (RBE4)  was  infected  with  the  retroviral 
vectors  containing  adaptein  libraries  and  subsequently  challenged  with  Rickettsia  rickettsii  at  a 
MOI  of  25.  At  96  hours  after  the  challenge,  surviving  cells  still  attached  to  the  substratum  were 
trypsinized,  re-plated,  and  allowed  to  grow  for  48-72  hours  before  being  re-challenged  with  R. 
rickettsii  (MOI  =  15).  Three  more  rounds  of  re-challenges  (MOI  =  10)  were  carried  out. 

RESULTS  AND  CONCLUSION:  At  the  end  of  five  rounds  of  challenges,  several  foci  of 
putative  rickettsia-resistant  RBE4  cells  were  recovered.  However,  none  of  the  surviving  cells 
were  EGFP  positive.  The  reason  for  the  lack  of  EGFP  expression  in  these  putative  rickettsia- 
resistant  cells  is  currently  under  investigation.  The  experiment  was  repeated  once  more  exactly 
as  described  and  yielded  several  foci  of  putative-resistant  cells  that  were  EGFP  positive.  We  are 
currently  in  the  process  of  characterizing  these  cells  at  the  molecular  level  to  elucidate  the 
mechanisms  of  resistance  to  rickettsial  challenge. 


EVALUATION  OF  ENDOTHELIAL  PERMEABILITY  IN  AN  IN  VITRO  MODEL  OF 
THE  BRAIN  ENDOTHELIAL  BARRIER  BY  ELECTRIC  CELL-SUBSTRATE 

IMPEDANCE  SENSING  (ECIS) 


Olano  JP,  Koo  P,  and  Walker  DH 

University  of  Texas  Medical  Branch,  Galveston,  TX 


BACKGROUND:  Increased  microvascular  permeability  leading  to  cerebral  and  pulmonary 
edema  is  responsible  for  the  morbidity  and  mortality  seen  in  rickettsioses.  For  example, 
C3H/HeN  mice  infected  with  R.  conorii  show  foci  of  increased  vascular  permeability  at  72-96 
hours  post-infection.  However,  the  pathogenesis  of  increased  microvascular  permeability  is 
unknown.  We  are  in  the  process  of  developing  an  in  vitro  model  of  the  brain  endothelial  barrier 
to  study  the  molecular  events  leading  to  vascular  leakage  in  acute  rickettsioses.  ECIS  is  a  novel 
method  to  study  transendothelial  resistance  (TER)  and  therefore  evaluate  endothelial 
permeability  across  cell  monolayers  in  real  time  on  a  continuous  basis. 

METHODS:  A  rat-derived  microvascular  endothelial  cell  line  (RBE4)  as  well  as  human- 
derived  primary  cerebral  endothelial  cells  (HBMEC)  were  grown  on  disposable  arrays  with  gold 
electrodes.  The  monolayers  were  infected  with  10  MOI  of  Rickettsia  rickettsii.  After  rickettsial 
internalization,  cytokines  (IL-1  -(3,  TNF-a,  and  IFN-y),  either  singularly  or  in  combination,  were 
added  at  low  (5  ng/ml)  and  high  doses  (20  ng/ml)  to  some  of  the  infected  and  non-infected 
monolayers.  Controls  included  non-infected  monolayers  without  cytokine  stimulation  and  array 
wells  containing  medium  alone.  Cell  monolayers  were  monitored  continuously  for  96-120 
hours. 

RESULTS  AND  CONCLUSION:  Our  experiments  demonstrated  the  following:  (a)  Decreased 
TER  (increased  vascular  permeability)  was  observed  after  60-70  hours  (RBE4)  or  75-80 
(HBMEC)  of  infection,  (b)  The  decrease  in  TER  was  directly  proportional  to  the  rickettsial 
inoculum,  (c)  In  general,  the  presence  of  cytokines  potentiated  an  earlier  and  more  dramatic 
decrease  in  TER  in  the  monolayers  infected  with  rickettsiae.  Synergistic  effects  between 
cytokines  were  documented  when  more  than  one  cytokine  was  added  to  the  medium,  (d)  Low- 
dose  IFN-y  by  itself  favored  cell  survival  as  indicated  by  the  preservation  of  micromotion  for  a 
longer  period  of  time  after  infection.  This  in  vitro  model  appears  promising  for  the  study  of 
microvascular  leakage  in  rickettsioses  and  other  infectious  diseases  in  general. 
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REPLICATION  OF  A  CHIMERIC  HEPATITIS  C-DENGUE  VIRUS 
Richard  J.  Stockert 

Albert  Einstein  College  ot"  Medicine,  Bronx  NY  10461 

BACKGROUND:  Hepatitis  C  virus  (HCV)  is  the  major  cause  of  pos  mans  fusion  and  community-acquired  chronic 
h  rtiioos.  Initial  sieps  of  HCV  infection.  a  criacal  determinant  of  tissue  impism  and  therefore  pathogenesis,  arc  largely 
hypothetical.  The  mam  cause  hampering  sufficient  studies  on  HCV  binding  and  internalization  is  the  ongoing  absence 
■,i‘»  robust  cell  culture  system  allowing  the  release  of  mature  HCV  virions. 

PURPOSE:  To  circumvent  ihis  limitation,  the  aim  of  our  study  was  to  construct  and  clone  a  chimeric  flavivirus, 
expressing  the  HCV  envelope  proteins  F.l  and  F.2  within  a  dengue  virus  (DF.N)  backbone,  which  is  a  close  relative  to 
HCV  and  can  be  efficiently  propagated  in  cell  culrure. 

METHODS:  A  monocistronie  chimeric  cDNA  done  was  constructed  by  a  PCR  based  method.  The  principal 
strategy  for  the  construction  of  the  chimenc  flavivirus  was  replacement  of  DbN  prememhranc  (prM)  and  E-protein 
uitb  the  r.I  -r2-p7  encoding  region  of  HCV.  Transfection  of  this  done,  but  mat  of  a  non-replicaove  control  done,  led 
to  production  of  chimeric  RNA  and  viral  protons  in  different  cell-lines. 

RESULTS:  Jmmunoblor  analysis  confirmed  cocxprcssK»n  of  HCV-F.2  and  the  non- structural  protein  (NS1)  of 
DEN.  but  no  DT.N  E  protein,  suggesting  correct  processing  of  the  chimenc  polyprotein.  The  detection  of  chimeric 
RNA  after  mulople  passages  of  the  supernatant  from  transfected  cells  folk  >wed  h>  precipitation.  RNA-digesoon  and 
centrifugation  through  sucrose  suggested  release  of  viral  RNA  from  the  transfected  (and  the  infected)  cell*  in 
membrane  protected,  par  ode- like  structures.  Since  inoculated  cells  showed  cyropathogemc  alterarions,  a  plaque  assay 
was  established.  Seven  days  after  addition  of  the  plaque  assay  medium,  cells  were  stained  with  Neutral  Red.  Cells 
showed  dear  formation  of  the  typical  faint  plaques,  best  visible  at  a  dilution  of  1:32  and  1:64.  According  to  the  plaque 
assay,  |he  mer  of  mfccoous  parades  in  the  supernatant  of  transfected  cells  was  around  35-4  x  10*  pfU/ ml,  and 
therefore  rebuveh  low  . 

CONCLUSION:  These  results  su^ested  autonomous  replication  of  the  constructed  chimeric 
HCV'/DEN-flavt virus  and  the  formaoon  of  a  virus  like  parade  with  infective  properries,  which  oauld  be  used  to 
deicrmine  viral  targeting,  attachment  and  internalization  of  HCV. 


PERMEABILITY  STUDIES  ON  RICKETTSIA  RICKETTSI I -INFECTED  HUMAN 
CEREBRAL  MICRO  VASCULAR  ENDOTHELIAL  CELLS 
Juan  P.  Olano 

University  of  Texas  Medical  Branch 

BACKGROUND:  Ricketuio.se*  are  arthropod-borne  diseases  caused  by  gram-negaove  obligatdy  intracellular 
bacteria  that  belong  to  the  alpha  subdivision  of  the  proteobacteria.  These  diseases  are  still  prevalent  in  many  parts  of 
the  world  and  include  Rocky  Mountain  sported  fever  (RMSF,  the  must  common  rickettsiosis  in  the  US),  epidemic, 
and  endemic  typhus  caused  by  BMIuttua  ncksttni,  R  firvH-a^kJi,  and  R  rypbt,  respectively.  The  main  target  cell  is  the 
mictovascular  endothelium,  leading  to  a  disseminated  infection  whose  most  severe  complication*  include  a  vasogenic 
cerebral  edema  and  non-cardiogenic  pulmonary  edema.  These  two  complications  are  responsible  for  most  of  the 
morbidity  and  mortality  seen  in  humans.  R  ruketlsu  and  R  pmmxghi  are  both  Category  B  select  agents  and  potential 
biothreats  due  to  their  high  morbidity'  and  mortality  in  humans  and  their  high  infecbviiy  via  aerosolizarion.  The 
mechanisms  responsible  for  increased  microvascular  permeability  are  completely  unknown. 

PURPOSE:  To  develop  an  in  vitro  model  to  study  the  kineucs  of  increased  microvascular  permeability  in  human 
cerebral  microvascular  endothelial  cells  and  elucidate  the  underlying  molecular  mechanisms 

METHODS:  Sarcoma- virus  transformed  human  microvascular  endothelial  cells  iSV-HCEQ  were  used  in  our 
experiments.  Permeability  was  evaluated  by  monitoring  the  cell  monolayers  by  Electronic  Cell  Substrate  Impedance 
Sensing  fl.CIS).  Initially,  the  monolayers  were  infected  with  1  -50  MOI  of  renografin-purified  R  mkrim  and 
permeability  changes  were  monitored  up  to  120  hours  aftyr  infection  in  order  to  study  dose-response  curve*. 
Subsequent  experiments  were  performed  with  15  MOI.  Cel!  death  rates  were  determined  by  staining  monolayers  with 
propidium  iodide.  The  effects  of  cytokine*  on  endothelial  permeability  were  evaluated  by  adding  TNF-a.  IFN-y,  and 
II.-  ip,  24  hours  after  infection  of  the  monolayers  at  concentrations  ranging  from  0.1  to  1,1*1©  ng/ml.  Junctional 
proteins  were  studied  by  immunofluorescence  and  laser  confocal  microscopy 

RESULTS:  G»n  fluent  SV-HCEC  monolayers  exhibited  a  dose- dependent  increase  in  endothelial  permeabilicv 
reflected  as  a  decrease  in  resistance.  Permeability  increased  steadly  2-3  hours  after  internalization.  At  24  hours, 
increases  in  permeability  ranged  from  12%  at  1  MOI  to  25%  at  50  MOI  and  continued  to  increase  at  48,  72,  %  and 
I2(i  hours  reaching  50-55%  at  I2U  hours  post -infection.  Cell  death  rates  were  similar  in  both  infected  and  non- 
infected  monolayers  for  the  first  72  hours  at  1 5  MOI  suggesting  that  changes  in  permeability  dunng  the  first  3  days 
arc  not  due  to  cell  death.  Addition  of  IL-lp  and  TNF-a  to  non -infected  monolayers  also  altered  their  permeability.  At 
concentrations  of  0.1  ng/ml  of  TNF-a,  increases  in  permeability  (which  peaked  at  5%)  were  reversible.  At  1  ng/ml, 
the  maximum  increase  was  25%  at  50  hours.  At  10  ng,  a  maximum  increase  of  40%  was  observed  at  72  hours  and 
marked  increases  in  permeability  (60-70%  at  72  hours  w  hen  concentrations  of  TNF-a  reached  100  and  1000  ng/ml 
respectively).  Similar  changes  were  observed  with  addmon  of  IL-I  [5.  On  the  other  hand,  lFN-y  increased  the 
resistance  across  monolayers  at  alt  concentration,  with  no  dose- response  relationship.  When  I!  ,-1(5  and  TNF-a  were 
added  to  infected  monolayers,  a  further  increase  in  permeability  (8-12%  at  low  concentrations  and  20-27%  at  high 
concentrations))  was  observed  and  was  also  dose -dependent.  Furthermore,  at  U.t  ng/ml,  the  infected  monolayer  never 
recovered  its  baseline  resistance,  suggesting  a  synergistic  effect  between  rickettsiac  and  TNF-a  and  II.-  Ip. 

CONCLUSION:  Rickettsial  infection  of  microvascular  endothelial  cell  monolayers  derived  from  human  brain 
increases  their  permeability  in  a  dose -dependent  manner.  Cytokines  such  as  IL-  If!  and  TNF-a  further  increase 
permeability  in  such  monolayers.  IFN-y  seems  to  "stabilize"  the  monolayers  and  to  some  extent  counteract  the  effects 
of  the  other  cytokines.  Changes  in  permeability  observed  during  the  first  three  days  are  not  related  to  celt  death. 


BACTEROIDES  FRAG  I  LIS  OMP-  UTILITY  AS  A  LIVE  VACCINE  VECTOR  FOR 
BIODEFENSE  AGENTS:  CONSTRUCTION  OF  AN  OMPA  DELETANT  AND 
CHARACTERIZATION  OF  THE  FUNCTION  OF  OMPA 

Hannah  M.  W exler 

Research  Service,  GLAVAHOS  and  Department  of  Medicine,  UCLA  School  of  Medicine,  Lo*  Angeles,  CA 


BACKGROUND:  The  danger*  of  bioterror  bacterial  or  oral  agents  have  been  of  concern  ro  the  military  and 
political  leaden  for  decades  and  have  more  recently  become  an  issue  of  public  concern  as  well.  Historically,  vaccine* 
have  lieen  the  must  efficient  method  of  handling  diseases  in  large  populations  and  live  vaccine  vectors  are  paroculsrly 
appealing.  The  <  hup  A  bacterial  outer  membrane  protein  would  be  an  ideal  candidate  to  serve  as  the  vehicle  to  carry 
foreign  anugens,  such  as  those  from  biudefensc  organisms.  The  OmpA  protein  is  an  outer  membrane  protein  that 
has  tour  loops  exposed  on  the  outer  surface  of  the  bacu-na.  Harrmudrs  frai/tlii,  one  of  rhe  commensal  gut  bacteria,  is  an 
ideal  vehicle  for  this  live  vaccine  vector.  The  genetically  modified  B.  fratjhs,  carrying  the  specific  epitopes  desired  on  its 
modified  <  )mpA,  could  colonize  the  gastrointestinal  tract  and  prevent  the  pathogen  or  toxin  from  exiting  the  Gl  tract 
to  invade  the  circulatory  system  .>r  other  organs.  Specific  peptide  epitope*  from  a  variety  of  potential  pathogens, 
including  agents  of  bioterror,  could  he  engineered  into  the  external  loops. 


PI  RPOSE:  <  >wr  earlier  studies  characterized  the  HL/r^pJu  <  hnpA  protein  and  idcnefied  the  « mpA  gene. 

'Hie  poqxiso  of  this  study  was  to  construct  a  ft  fruptis  OmpA  dek-tani  and  to  begin  to  characterize  rhe  t'uncuon  of 
<  Iri'pA,  as  well  a*  rhe  specific  tuncoon(s)  of  the  various  kxips.  The  OmpA  dclcram  will  be  used  to  express  various 
modified  forms  of  the  OmpA  gene,  including  specific  loop  deletants. 


METHODS:  \X'A1.  UK  (H.  fratiks  ADB77,  a  denvauve  of  B.jraffki  63»R  optimized  for  use  in  constructing  deteunrs) 
was  used  as  the  parental  strain  NX’Al.  186  (  \DB',"’Ar-<i«f.-l/)  was  constructed  using  ,i  rwo-step  double-crossover 
technique  with  the  pADU242a  suicide  vector.  Analysis  of  gene  expression  was  performed  bv  real-time  RT-PCR  and 
normalized  with  measurements  of  16S  rRNA  expression.  5DS  *cn*itivity  asaavs  were  performed  by  plaang  WAL  108 
and  \X  Al.  UK*  (in  log  phase  growth)  on  media  containing  0.05-0.2%  SDS,  and  incubating  for  24-48  hours  in  an 
anaerobic  |.ir.  Acid  and  salt  sensitivity  assays  were  performed  bv  incubaong  log  phase  cells  at  pH  4.0  for  30  minutes 
or  SM  \a<  ;|  for  2  h«>un,  respectively,  plating  on  BHI  containing  added  thymine  anti  incubating  for  48  hours  in  an 
anaerobic  jar.  The  effect  of  20U  m.M  NaO  on  cell  shape  and  omp.-1  expression  was  measured  after  growing  WAL  108 
ami  WAL  overnight  in  BHIS  broth  with  or  without  added  200  m.M  NaO.  Susceptibility  resting  was  performed 
“sing  the  spiral  gradient  endpoint  method. 


RESULTS:  We  constructed  an  dek-tant  jVl'.AL  186)  and  confirmed  the  delcaon  by  sequence  analysis  of  the 
deletion  junction.  RT  PTR  indicated  thai  all  4  ompA s  ate  transenbed  in  the  parental  strain,  and  confirmed  that  ompA  I 
o  not  trin scnlnd  in  WAL  186  (the  wwft'l  t  dclerant).  However,  we  found  that  omp-U  was  also  run  transcribed  in  the 
deletion  mutant.  No  significant  change  was  seen  in  MIC*  of  a  vanery  of  antimicrobials  for  the  deletion  mutant 
compared  to  -he  parental  strain.  WAL  186  was  more  scnsiavc  ihan  WAL  108  to  high  salt.  Exposure  of  the  parental 
strain  'S  AL  JilM  to  5.M  Natl  for  2  huurs  resulted  in  a  3  log;  ,  reduction  in  growth,  WAL  1 86  did  not  grow  at  all  after 
cxp«,<ure  to  high  salt.  Similarly,  growth  of  WAL  108  on  media  containing  0.05-0.2%  SDS  resulted  in  a  3  login 
reduction  tn  growth  as  compared  to  growth  on  media  without  SDS;  WAL  186  did  not  grow  at  alt  on  media  containing 
S,  •s‘"  change  iu  twei-n  the  V'AL  108  and  WAL  186  was  seen  after  exposure  to  low  pH.  Gram  stain  analysis 
snowed.no  change  was  wen  between  WAL  Htft  and  VX  AL  186  grown  overnight  m  normal  media  (long,  somewhat 
P  cHtirorphic  ukL,.  but  overnight  growth  in  hyperosmolar  media  '20©  m.M  NaCI)  resulted  in  very  small,  round  forms 
■ot  tioth  >X  A|,  1<W  ,md  WAL  1 86.  In  addition.  expression  of  dm pAt  and  ompA4  was  diminished  in  VC' Al.  1UK  (the 


<  >m  5,  TN  expression  of  B.jrjplu  ompA 4  is  dependant  on  the  expression  of  tmpAL  ft.  Jrjfitu 

P  *  i  :mpi.r.int  .n  maintaining  cell  structure  under  stress  (c.g.,  exposure  to  detergent  or  high  salt).  Further, 
exposure  to  these  agents,  it  responds  by  shutong  down  the  expression  nt  ompA  I  and 
:':nU  : Well’ to  a  small,  round  form  'perhaps  to  lessen  the  possibility  of  passage  of  these  agents  into 
have  constructed  an  OmpA  dclciant  for  use  tn  determining  specific  loop  functions  and  designing 
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I_„3  RICKETTSIA  INFECTION 
Juan  P.  Olano 

Department  of  Pathology.  University  of  Texas  Medical  Branch,  301  University 
Blvd.  Route  0609.  Galveston,  TX.  77555-0609  USA 

Rickettsiae  are  obligate  intracellular  alpha-proteobacteria  that  primarily  targets 
the  microvascular  endothelium.  Two  genera  are  recognized  in  the  family 
Rickettsiaceae,  namely  Rickettsia  and  Orientia.  The  genus  Rickettsia  has  been 
further  subdivided  into  spotted  fever  and  typhus  groups.  In  the  last  two  decades, 
new  rickettsial  pathogens  have  been  associated  with  human  illness  around 
the  world.  Clinically,  the  common  denominator  in  all  rickettsioses  is  the 
development  of  a  “leaky”  microcirculation  leading  to  the  most  feared 
complications,  namely  vasogenic  cerebral  edema  and  non-cardiogenic  pulmonary 
edema.  Histopathologic  studies  based  on  fatal  human  cases  and  well 
characterized  animal  models  show  meningoencephalitis  and  interstitial 
pneumonitis,  amongst  others.  With  the  development  of  powerful  research  tools, 
advances  in  the  understanding  of  rickettsial  pathogenesis  have  been  dramatic. 
Entry  into  the  host  cell  is  followed  by  rapid  escape  into  the  cytoplasm  to  avoid 
phagolysosomal  fusion,  mediated  by  a  newly  described  phospholipase  D.  SFG 
rickettsiae  induce  actin  polymerization  via  a  group  of  proteins  called  RickA 
which  promote  nucleation  of  actin  monomers  via  the  Arp2/3  complex  at  one 
rickettsial  pole,  propelling  the  bacteria  across  the  cytoplasm  and  into  neighboring 
cells.  Damage  to  the  host  cell  is  most  likely  multifactorial.  The  best  well  studied 
mechanism  is  the  generation  of  reactive  oxygen  species  (ROS)  and 
downregulation  of  enzymes  involved  in  protection  against  oxidative  injury 
leading  to  lipid  peroxidation  and  damage  to  cellular  membranes.  The  significance 
of  ROS-mediated  cellular  damage  in  vivo  is  beginning  to  be  elucidated.  Tissue 
and  organ  damage  is  also  multifactorial  and  complex.  The  main  pathogenic 
mechanism  is  increased  microvascular  permeability  leading  to  profound 
metabolic  disturbances  in  the  extravascular  compartment.  The  underlying 
factors  responsible  for  those  changes  are  beginning  to  be  elucidated  in  vitro 
and  include  direct  effects  of  intracellular  rickettsiae,  cytokines  and  possibly 
activated  coagulation  factors  all  of  which  most  likely  modify  interendothelial 
junctions.  Great  advances  in  the  understanding  of  the  immune  response  to 
both  typhus  and  spotted  fever  group  rickettsiae  have  also  been  made. 

Our  knowledge  on  rickettsial  pathogenesis  will  continue  to  expand  in  the  near 
future  as  new  research  tools  such  as  in  vivo  and  live-cell  imaging,  multiphoton 
confocal  microscopy,  and  nanotechnology  become  more  available. 


0-59  NITRIC  OXIDE  (NO)  AS  A  MEDIATOR  OF  INCREASED 
MICROVASCULAR  PERMEABILITY  DURING  RICKETTSIAL 
INFECTION. 

Michael  E.  Woods*,  Paul  Koo,  Gary  Wen  and  Juan  P.  Olano 

University  of  Texas  Medical  Branch,  Galveston,  Texas,  USA 

Introduction:  Rickettsiae  primarily  target  the  microvascular  endothelium  leading 
to  disseminated  infection  of  the  microvasculature.  The  mechanisms  of  increased 
microvascular  permeability  during  rickettsiosis  are  not  well  understood.  The 
role  of  NO  as  an  important  anti-rickettsial  agent  has  been  well  characterized 
in  animal  models.  We  sought  to  better  describe  the  role  NO  plays  in  modulating 
endothelial  tight  junctions  in  microvascular  endothelial  cells  and  how  this 
contributes  to  increased  microvascular  permeability.  Methods:  Microvascular 
endothelial  cells  were  grown  to  confluence  on  8W10E  gold-coated  electrodes 
and  transendothelial  electrical  resistance  was  monitored  by  Electric  Cell- 
substrate  Impedance  Sensing,  or  ECIS.  The  cells  were  infected  with  Rickettsia 
conorii  (Malish  7)  followed  by  the  addition  of  the  NO  donors  DETA  NONOate 
and  SNAP.  Similarly  treated  cells  were  stained  for  the  tight  junction  protein 
occludin  and  ZO-1  and  examined  by  laser  confocal  microscopy  (LCF). 
Additionally,  intracellular  proliferation  of  rickettsia  in  the  absence  and  presence 
of  NO  donors  was  followed  by  quantitative  real-time  PCR.  Results:  The  addition 
of  NO  donors  to  infected  endothelial  cells  resulted  in  a  marked  increase  of 
transendothelial  permeability  as  measured  by  ECIS.  This  increase  occurred 
within  the  first  24  hours  of  stimulation.  Light  microscopic  observation  of 
endothelial  cell  morphology  revealed  no  drastic  changes  in  cell  shape.  However, 
preliminary  staining  of  the  tight  junction-associated  protein  occludin  appears 
to  demonstrate  disassembly  of  the  tight  junction  complex  by  the  loss  of  occludin 
staining  at  intercellular  borders  by  LCM.  Quantification  of  intracellular  rickettsiae 
by  quantitative  real-time  PCR  is  currently  in  progress.  Conclusion:  The  addition 
of  NO  donors  appears  to  cause  a  dramatic  and  immediate  increase  in 
transendothelial  permeability  in  an  in  vitro  model  of  rickettsial  infection. 
Reorganization  of  endothelial  tight  junctions  as  determined  by  LCM  appears 
to  explain  the  observed  changes  in  permeability.  The  ability  of  these  NO  oxide 
donors  to  limit  intracellular  proliferation  of  rickettsiae  has  not  been  determined 
at  this  point.  Future  experiments  are  planned  using  primary  mouse  brain 
microvascular  endothelial  cells. 


60  ANKYRIN  REPEAT  CON 

°  glycoprotein  (Gp: 

CHAFFEENSIS  AND  E.  < 

NUCLEI  OF  INFECTED  C 

Kimberly  A.  Nethery*,  C.  Kuyler  Dc 
Vsevolod  L.  Popov,  and  Jere  W.  It 

Department  of  Pathology,  University 
USA. 

Objectives:  The  objective  of  this  stui 
in  ehrichial  modulation  of  host  cell  g< 
and  E.  canis  200  kDa  glycoprotein  (g 
ehrlichial  immunoreactive  proteins, 
suggest  potential  involvement  in  proi 
of  these  glycoproteins  in  ehrlichi. 
Immunogold  electron  microscopy  w 
cells  using  monospecific  antibodie; 
gp200  (p43)  to  determine  gp200  c 
performed  on  cytoplasmic  and  nude 
E.  canis- infected  DH82  cells  and  frc 
THP-1  cells  to  confirm  the  presence 
E.  canis  gp200  protein  fragments  re 
expressed  and  used  as  probes  in 
interactions  between  gp200  and  ni 
was  localized  in  the  cytoplasm  of  ehrl 
and  with  the  host  cell  nuclear  membr 
proteins  (Fbp  and  dsb)  were  detec 
gp200  was  detected  in  the  nuclear 
infected  cells.  Two  internal  gp200 
containing  ankyrin  repeats)  also  be 
kDa).  Conclusion:  In  this  study,  w 
E.  canis  gp200s  are  translocated  to 
and  identified  two  recombinant  fragn 
to  a  -65  kDa  host  cell  nuclear  prot 
repeat  containing  ehrlichial  glycoprot 
a  role  for  gp200  in  influent 
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